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Re´sume´
Les milieux cristallins fracture´s et alte´re´s repre´sentent souvent la seule ressource
en eau viable pour les re´gions arides et semi-arides. Toutefois, ces milieux forte-
ment he´te´roge`nes restent encore mal connus, notamment les principales structures
qui controˆlent les e´coulements et le transport de contaminants. Afin d’ame´liorer
la connaissance de ces milieux, nous avons effectue´ une analyse de´taille´e des pro-
prie´te´s hydrologiques du site expe´rimental de Choutuppal (Andhra Pradesh, Inde
du Sud) qui be´ne´ficie d’un re´seau dense de forages d’observation. L’e´tude porte a`
la fois sur 1) l’identification des structures pertinentes et la variabilite´ spatiale des
proprie´te´s hydrauliques et 2) sur les processus dominant le transport de solute´s dans
ces milieux fracture´s. Dans un premier temps, l’e´volution des proprie´te´s en fonction
de la profondeur a permis d’identifier les structures les plus perme´ables. Les pro-
prie´te´s du milieu ont ensuite e´te´ e´tudie´es dans des conditions hydrologiques tre`s
contraste´es. En conditions de hautes eaux, l’interface saprolite – granite controˆle
les e´coulements souterrains a` l’e´chelle du bassin versant. En revanche, lorsque les
niveaux pie´zome´triques sont plus bas que cette interface, une compartimentation
hydrologique apparait en raison de la diminution de la connectivite´ et du nombre de
fractures perme´ables en profondeur. Un mode`le conceptuel d’e´coulement souterrain
est propose´ a` l’e´chelle du bassin versant pour illustrer ces comportements hydrolo-
giques contraste´s. Pour identifier le roˆle respectif des processus advectifs et diffusifs
affectant tous deux le transport de solute´s, deux types d’essais de trac¸age ont e´te´
re´alise´s sous diffe´rentes configurations d’e´coulement. La combinaison d’expe´riences
de trac¸age entre puits et en puits seul (”push-pull”) a permis de mettre en avant
le roˆle pre´dominant de l’advection he´te´roge`ne. La diffusion dans la matrice peut
eˆtre ne´glige´e, au moins pour les e´chelles de temps conside´re´es. Les expe´riences de
”push-pull” ont e´galement permis d’identifier l’impact de l’e´chelle d’investigation sur
le transport anormal de solute´s. L’ensemble de ces re´sultats fournit une meilleure
connaissance des proprie´te´s et de la vulne´rabilite´ de ces milieux soumis a` une forte
pression anthropique.
i
Abstract
The fractured and weathered crystalline aquifers are often the only viable water
resource in arid and semi-arid regions. Nevertheless, these highly heterogeneous me-
dia are still poorly understood, especially the major structures that control ground-
water flows and contaminant transport. To improve knowledge of those media, we
have conducted a detailed analysis of the hydrological properties of the Choutuppal
experimental site (Andhra Pradesh, Southern India) which has a dense network of
observation boreholes. The study focus on 1) the identification of relevant struc-
tures and the spatial variability of hydraulic properties and 2) the dominant solute
transport processes in these fractured media. First, the evolution of properties with
depth highlights the most permeable structures. The properties were then studied in
highly contrasted hydrological conditions. In high water level conditions, the sapro-
lite – granite interface controls groundwater flows at watershed scale. By contrast,
when groundwater level is lower than this interface, hydrological compartmentaliza-
tion appears due to the decrease of the number of permeable fractures with depth
which in turns decreases considerably connectivity with depth. A conceptual model
of groundwater flow is proposed at the watershed scale to illustrate these contrasting
behaviors. To identify the respective role of advective and diffusive processes affec-
ting both solute transport, two kind of tracer experiments were conducted under
different flows configurations. Combination of tracer experiments between boreholes
and single borehole tests (push-pull) permit to highlight the predominant role of he-
terogeneous advection. Matrix diffusion can be neglected at least for the time scales
considered. The push-pull experiments have also allowed identifying the impact of
investigation scale on anomalous solute transport. All results give a better unders-
tanding of the properties and the vulnerability of those media subject to strong
anthropogenic pressure.
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Pre´ambule
L’e´valuation des syste`mes aquife`res est difficile dans les milieux he´te´roge`nes, tels
que les roches cristallines fracture´es, en particulier a` cause de la forte variabilite´ spa-
tiale de leurs proprie´te´s. Pourtant, ces roches occupent une part importante de la
surface terrestre et repre´sentent parfois les seules milieux permettant l’acce`s a` l’eau
potable dans certaines re´gions. Bien que les re´servoirs de sub-surface incluant le socle
fracture´ et alte´re´ soient de´ja` identifie´s, la structure des e´coulements ainsi que les pro-
prie´te´s hydrauliques et de transport de ces milieux restent encore mal connues. Par
ailleurs, identifier les structures hydroge´ologiques pertinentes est un enjeu important
puisqu’elles favorisent, d’une part, l’exploitation du syste`me aquife`re et facilitent,
d’autre part, le transport de contaminants d’un point a` un autre du syste`me.
Cet enjeu est d’autant plus important dans les milieux ou` la pression anthropique
est tre`s forte et ou` la ressource en eau est relativement limite´e, comme au Sud de
l’Inde. En effet, la re´volution verte des anne´es 70 en Inde a favorise´ la de´gradation
de l’eau souterraine, aussi bien du point de vue quantitatif que qualitatif. Il apparait
donc indispensable d’approfondir les connaissances de ces syste`mes he´te´roge`nes afin
d’ame´liorer, in fine, la gestion de cette ressource. Toutefois, la compre´hension d’un
syste`me naturel ne´cessite souvent l’acquisition d’un nombre important de donne´es,
ne´cessaire a` toute mode´lisation ou pre´diction. Cette taˆche reste d’autant plus difficile
dans les syste`mes souterrains du fait du nombre limite´ de points d’observation.
Les e´tudes des syste`mes aquife`res sont donc contraintes par le nombre de points
d’acquisition que sont les aﬄeurements et les forages. Afin de palier partiellement a`
cette limitation, le site expe´rimental de´veloppe´ a` Choutuppal dans l’E´tat de l’Andhra
Pradesh (Sud de l’Inde) be´ne´ficie d’un nombre important de forages d’observation, 28
au total, dont 26 sont dispose´s sur une surface d’environ 2 ha. Cette forte densite´ de
forages, de l’ordre d’un forage tous les 30 m, permet d’e´tudier de fac¸on approfondie
ces re´servoirs cristallins fracture´s et alte´re´s.
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Be´ne´ficiant du site expe´rimental de Choutuppal, ce travail, qui s’articule autour
de 5 chapitres, a pour objectif d’identifier les structures pertinentes et d’estimer
leurs proprie´te´s hydrauliques et de transport. Le chapitre 1 est une introduction
ge´ne´rale aux milieux cristallins fracture´s et alte´re´s ou` sont pre´sente´es e´galement les
notions d’e´coulement et de transport de solute´s dans ces milieux he´te´roge`nes. Les
objectifs de la the`se sont de´taille´s a` la fin de ce chapitre d’introduction. Le chapitre
2 pre´sente, quant a` lui, le contexte particulier de l’Inde ainsi que le site expe´rimental
de Choutuppal. Le chapitre 3 est de´die´ a` la caracte´risation hydrodynamique du site
expe´rimental et d’une manie`re plus ge´ne´rale, aux milieux fracture´s et alte´re´s du Sud
de l’Inde. Ce chapitre est constitue´ de deux articles et se termine par une discussion.
Le chapitre 4 est consacre´ a` l’e´tude des processus de transport a` l’e´chelle d’une zone
de fractures transmissives. Celui-ci est constitue´ d’un article et s’ache`ve e´galement
par une discussion. Enfin, le chapitre 5 pre´sente les conclusions et les perspectives
ge´ne´rales de cette the`se.
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Chapitre 1
Introduction ge´ne´rale
Ce chapitre propose tout d’abord une introduction aux milieux cristallins alte´re´s
et fracture´s. Ensuite, nous aborderons les notions d’e´coulement et de transport de
contaminants dans les milieux fracture´s. Pour finir, une discussion sur l’importance
des mode`les conceptuels pour la mode´lisation de ces syste`mes complexes pre´ce´dera
la pre´sentation des objectifs de cette the`se.
1.1 Ge´ne´ralite´s sur les milieux cristallins
Les roches cristallines et plus particulie`rement les roches plutoniques, comme les
granites, pre´sentent une matrice tre`s faiblement perme´able. Le refroidissement lent
de ces roches en profondeur favorise la formation de phe´nocristaux. Ces mine´raux
de tailles pluri-centime´triques tre`s jointifs confe`rent a` la roche une tre`s faible po-
rosite´ primaire, de l’ordre de 0.5% pour les granites (Ohlsson et Neretnieks, 1995).
L’application de contraintes me´caniques sur ces roches favorise le de´veloppement de
fractures ce qui permet l’attribution d’une seconde porosite´, qualifie´e de porosite´ de
fractures. Cette porosite´ secondaire est significativement plus e´leve´e que la porosite´
primaire de la matrice rocheuse ce qui permet le stockage de fluides en son sein
ainsi que des circulations si cette porosite´ est suffisamment connecte´e spatialement.
Ces fractures repre´sentent par conse´quent le vecteur principal des e´coulements sou-
terrains dans les roches cristallines. La variabilite´ des proprie´te´s ge´ome´triques des
fractures rend par ailleurs ces milieux tre`s complexes a` appre´hender. Cette variabi-
lite´ affecte de manie`re significative les e´coulements et le transport de contaminants
d’un point a` un autre du syste`me (Tsang et Neretnieks, 1998).
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Les roches cristallines, une fois exhume´es a` la surface, sont soumises aux proces-
sus d’alte´ration chimique et physique qui favorisent le de´veloppement in situ d’une
roche meuble appele´e alte´rite. Les e´paisseurs des alte´rites peuvent varier d’un en-
droit a` un autre selon, par exemple, la nature des mine´raux de la roche me`re, le degre´
initial de fracturation de cette meˆme roche ou encore les conditions climatiques aux-
quelles elles sont confronte´es. Elles peuvent, par exemple, atteindre des e´paisseurs de
50 m comme au Sud Soudan (Larsson, 1984). Ces alte´rites pre´sentent une porosite´
matricielle beaucoup plus importante que celle de la roche me`re, ge´ne´ralement de
l’ordre de 10% (Acworth, 1987).
Les milieux cristallins ont e´te´ particulie`rement e´tudie´s ces dernie`res de´cennies,
notamment parce qu’ils repre´sentent un inte´reˆt majeur pour le stockage des de´chets
nucle´aires. Le faible degre´ de fracturation en profondeur et la faible perme´abilite´ de
la matrice rocheuse font des roches plutoniques des endroits de pre´dilection pour le
stockage des de´chets radioactifs, notamment dans les re´gions stables du point de vue
tectonique. Nous pouvons par exemple citer certains travaux sur le site d’enfouisse-
ment de Stripa, en Sue`de, principalement oriente´s sur les questions de transfert de
contaminants (Abelin et al., 1991a,b, 1994 ; Moreno et al., 1988 ; Neretnieks et al.,
1982). La figure 1.1 pre´sente la re´partition ge´ographique de ces formations qui oc-
cupent une part relativement importante de la surface terrestre (Scovel et al., 1966).
Dans certaines re´gions du globe, ces formations cristallines sont parfois pre´sentes
sur la quasi-totalite´ du territoire, notamment en Sue`de, en Finlande ou encore en
Inde du Sud (Figure 1.1).
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Figure 1.1 – Carte illustrant les principales re´gions constitue´es de roches igne´es extru-
sives et intrusives ainsi que les roches me´tamorphiques, d’apre`s Scovel et al. (1966).
La pression de´mographique grandissante et la rare´faction de la ressource en eau
ont fait de ces milieux cristallins des re´servoirs potentiels, parfois uniques, dans cer-
taines re´gions. Des e´tudes ont montre´ que la productivite´ de ces syste`mes, malgre´
que celle-ci soit tre`s variable d’un endroit a` un autre, pouvait eˆtre relativement
conse´quente notamment par le biais de structures tectoniques majeures (Roques
et al., 2014 ; Touchard, 1999). Cependant, une productivite´ importante reste souvent
exceptionnelle et d’une manie`re ge´ne´rale, ces milieux pre´sentent des de´bits d’exploi-
tation souvent infe´rieurs a` 20 m3h−1 (Larsson, 1984). Les de´bits d’exploitation sont
d’autant plus faibles dans les re´gions ou` le socle est peu fracture´, par exemple dans
certaines re´gions d’Afrique ou encore du Sud de l’Inde (Chilton et Foster, 1995 ;
Dewandel et al., 2006 ; Howard et al., 1992 ; Larsson, 1984 ; Mare´chal et al., 2004 ;
Taylor et Howard, 2000). A` titre d’exemple, la figure 1.2 repre´sente les distributions
statistiques des productivite´s des diffe´rentes formations ge´ologiques rencontre´es en
Afrique (MacDonald et al., 2012). En relatif, il apparait que les syste`mes cristal-
lins sont nettement moins productifs que les autres milieux. Cependant, bien que
la productivite´ de ces re´servoirs soit faible, l’eau souterraine repre´sente parfois la
principale ressource pe´renne dans les re´gions arides ou semi-arides (Gustafson et
Kra´sny´, 1994).
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Figure 1.2 – Distribution des productivite´s des diffe´rentes formations ge´ologiques ren-
contre´es en Afrique : a) fre´quence correspondant a` la proportion de surface de sol dans
chaque unite´ ge´ologique attribue´e a` une classe de productivite´ particulie`re ; b) distribution
de chaque environnement ge´ologique, d’apre`s MacDonald et al. (2012).
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1.2 Structures ge´ologiques
1.2.1 He´te´roge´ne´ite´s du profil d’alte´ration
L’alte´ration chimique et physique des mine´raux de la roche me`re permet le
de´veloppement d’un profil d’alte´ration qui comprend un certain nombre d’horizons
selon l’e´tat d’avancement du profil ou selon les diffe´rentes phases d’e´rosion. Ces
profils d’alte´ration, aussi appele´s  Zones Critiques  (National Research Council,
2001), sont depuis une dizaine d’anne´es tre`s e´tudie´s puisqu’ils repre´sentent l’interface
entre la roche, le sol, l’eau, l’atmosphe`re et les agents biologiques (Anderson et al.,
2007 ; Brantley et al., 2007). Les objectifs portent notamment sur la compre´hension
des processus d’alte´ration de diffe´rentes roches comme les granites (Buss et al., 2008
; Fletcher et al., 2006 ; Oliva et al., 2003 ; White et al., 1999) avec, par exemple,
l’e´tude de l’impact de l’alte´ration chimique sur l’e´volution de la porosite´ de la roche
me`re (Navarre-Sitchler et al., 2013). D’autres travaux s’inte´ressent aux effets de la
ge´omorphologie et de la lithologie sur l’e´volution du profil d’alte´ration (Bazilevskaya
et al., 2013) ou encore aux bilans de matie`res sur le long terme (Braun et al., 2009).
L’alte´ration de la roche me`re de´bute par l’infiltration d’eau dans les fractures
initialement pre´sentes dans la roche (Acworth, 1987). Les mine´raux qui constituent
la roche me`re vont ensuite eˆtre alte´re´s pour former une alte´rite. Concernant les
granites, les mine´raux les plus abondants sont le quartz, les feldspaths (potassiques
et/ou plagioclases) et les micas (biotite et/ou muscovite). L’oxydation des biotites
pourrait eˆtre le signe pre´curseur de l’alte´ration des granites (Acworth, 1987 ; Bazi-
levskaya et al., 2013 ; Buss et al., 2008 ; Fletcher et al., 2006 ; Wyns et al., 2004) se
caracte´risant par la pre´sence d’oxyde de fer. Certains auteurs associent l’oxydation
des biotites a` un changement de volume de la roche ce qui permettrait de former des
micro-fractures et par conse´quent d’alte´rer les autres mine´raux (Buss et al., 2008 ;
Fletcher et al., 2006 ; Lachassagne et al., 2011 ; Wyns et al., 2004). Ils expliquent ce
phe´nome`ne par la formation d’argiles gonflantes issues de la biotite, les vermiculites
notamment, qui pre´sentent des feuillets d’e´paisseur de l’ordre de 14 A˚ contrairement
aux feuillets des biotites qui sont de l’ordre de 10 A˚. Ce changement de volume
attribue´ a` l’oxydation des biotites est toutefois controverse´. A` partir d’imagerie au
microscope e´lectronique en transmission, Banfield et Eggleton (1988) sugge`rent que
deux feuillets de biotite seraient ne´cessaires pour former un feuillet de vermiculite.
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Pour ces auteurs, il n’y aurait pas d’augmentation de volume mais plutoˆt une dimi-
nution. Par ailleurs, d’autres auteurs sugge`rent que les mine´raux les plus facilement
alte´rables dans les granites sont les feldspaths, les amphiboles, l’e´pidote et l’apatite
(Oliva et al., 2003 ; Sverdrup et Warfvinge, 1995). En particulier, les feldspaths pla-
gioclases semblent eˆtre des mine´raux plus solubles et peuvent pre´senter des signes
d’alte´ration aux coˆte´s de feldspaths orthoses et de biotites non alte´re´s (White, 2005).
Bien que ces processus d’alte´ration soient complexes, certains facteurs sont de´ter-
minants dans la production du profil d’alte´ration. Parmi ces facteurs, nous pouvons
citer par exemple la nature de la roche me`re, le type de climat, l’e´tat initial de
fracturation de la roche, le gradient hydraulique, le pH et la tempe´rature de l’eau,
les processus biologiques et bien suˆr le temps d’exposition de la roche (Anderson et
Anderson, 2010). L’ensemble de ces facteurs vont permettre le de´veloppement d’un
profil d’alte´ration plus ou moins e´pais. Les premie`res descriptions des diffe´rents
horizons tant d’un point de vue ge´ologique qu’hydroge´ologique furent synthe´tise´es
par Larsson (1984) puis de´veloppe´es par d’autres auteurs selon les re´gions comme
Jones (1985), Acworth (1987), Chilton et Foster (1995) ou encore Dewandel et al.
(2006).
La figure 1.3 pre´sente un profil typique d’alte´ration de´veloppe´ sur les roches
cristallines sous climat tropical (Chilton et Foster, 1995). Le profil d’alte´ration
est compose´ de quatre composantes principales d’e´paisseurs variables. Ces com-
posantes se de´finissent a` la fois par leur composition mine´ralogique, leur structure
mais e´galement leur solidite´. Nous pouvons distinguer a` la base, la roche me`re qui
peut eˆtre plus ou moins fracture´e. La roche me`re est surmonte´e d’une zone en partie
alte´re´e avec une roche partiellement de´compose´e. Cette zone, relativement solide et
donc difficile a` casser, pre´sente la structure de la roche me`re et est parfois nomme´e
 saprock  (Anand et Paine, 2002 ; Chilton et Foster, 1995). Au-dessus de la  sa-
prock  se trouve la saprolite. Dans cette zone tre`s alte´re´e des mine´raux secondaires
tels que des argiles peuvent s’accumuler. Cependant, la saprolite pre´sente la struc-
ture originelle de la roche me`re (Braun et al., 2009 ; Dewandel et al., 2006 ; Wyns
et al., 2004) tandis que l’horizon supe´rieur du profil qui constitue le sol ne pre´sente
plus la structure de la roche me`re et peut eˆtre mobilise´ par les agents de trans-
port comme l’eau ou encore le vent (Anderson et Anderson, 2010). Cet horizon
est majoritairement constitue´ de quartz alte´re´ puisque ce mine´ral est plus re´sistant
aux processus d’alte´ration (Chilton et Foster, 1995 ; Dewandel et al., 2006). Pour les
profils d’alte´ration plus avance´s sous climats tropicaux, cet horizon peut-eˆtre rube´fie´
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(Tardy, 1992). Dans ce cas, des oxydes de fer tels que les goethites ou he´matites,
a` l’origine de cette couleur rouge, forment la late´rite (Tardy, 1992 ; Taylor et Ho-
ward, 2000). La re´partition ge´ographique actuelle des environnements favorables
a` la formation des late´rites est pre´sente´e en figure 1.4 (Taylor et Howard, 2000)
illustrant par la meˆme occasion que les late´rites peuvent se former sous diffe´rents
environnements ge´ologiques. L’ensemble du profil d’alte´ration pre´sentera des pro-
prie´te´s hydrodynamiques variables late´ralement et verticalement en fonction de la
position des diffe´rents horizons (Figure 1.3). En particulier, la saprolite pre´sente glo-
balement une porosite´ relativement importante alors que sa perme´abilite´ est faible.
La base de la saprolite quant a` elle est beaucoup plus perme´able et poreuse que la
roche me`re. La transmissivite´ de cette dernie`re sera en l’occurrence directement lie´e
a` la pre´sence de fractures plus ou moins perme´ables.
Figure 1.3 – Profil typique d’alte´ration des roches de socle en Afrique illustrant
e´galement la variabilite´ des proprie´te´s hydrodynamiques selon la profondeur, d’apre`s Chil-
ton et Foster (1995).
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Figure 1.4 – Distribution globale des environnements d’alte´ration profonde capables de
de´velopper la late´rite, d’apre`s Taylor et Howard (2000), adapte´ de Tardy (1992).
1.2.2 He´te´roge´ne´ite´s de fractures
Les fractures sont des ruptures me´caniques dans les roches qui se produisent
lorsque les contraintes locales sont supe´rieures au seuil de rupture de la roche.
Le terme  fractures  est un terme ge´ne´rique qui de´signe toutes discontinuite´s
me´caniques dans la roche quels que soient leur taille, de l’ordre du millime`tre a` plu-
sieurs centaines de kilome`tres, ou leur mode de formation. Excepte´ les anti-cracks
(ou stylolithes) pre´sents dans les roches se´dimentaires et forme´s par des processus
de dissolution de la roche sous pression (Fletcher et Pollard, 1981), les fractures
peuvent eˆtre regroupe´es en deux cate´gories (Bonnet et al., 2001 ; National Research
Council, 1996) :
 Les joints ou fractures en ouverture (mode I) se caracte´risent par un de´placement
perpendiculaire aux surfaces des fractures (Figure 1.5).
 Les failles ou fractures en cisaillement (mode II et III) se caracte´risent par un
de´placement paralle`le aux surfaces des fractures (Figure 1.5).
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Figure 1.5 – (a) Bloc diagramme montrant une fracture et son front de propagation. (b)
Trois modes fondamentaux de fractures correspondant aux joints (mode I) et aux failles
(mode II et III), modifie´ de Pollard et Aydin (1988).
La classification des failles, d’origine tectonique, est ge´ne´ralement re´alise´e selon le
sens du de´placement meˆme si toutes les configurations sont pre´sentes dans la nature.
Trois cate´gories de failles sont de´finies a` partir de leur rejet : les failles normales ou`
le rejet horizontal transversal correspond a` un e´tirement ; les failles inverses ou` le
rejet horizontal transversal e´quivaut a` un raccourcissement ; et les de´crochements
ou` le rejet est purement horizontal et dans le plan de faille, ge´ne´ralement vertical
(Foucault et Raoult, 2005). Par la suite, nous de´crirons plus pre´cise´ment les joints
puisque ce sont ces discontinuite´s qui nous inte´ressent dans cette e´tude.
La fracturation dans les re´gions relativement stables d’un point de vue tecto-
nique se caracte´rise principalement par le mode en ouverture (mode I). Ces joints
aussi appele´s joints d’exfoliation (Bahat et al., 1999 ; Dale, 1923 ; Jahns, 1943 ;
Twidale, 1973) de´bitent la roche en blocs ce qui lui confe`re une structure  type
oignon  ou structure en feuillet (Figure 1.6) (Gilbert, 1904 ; Holzhausen, 1989). Il
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faut cependant distinguer l’exfoliation a` grande e´chelle caracte´rise´e par ces joints
de taille pluri-me´trique et l’exfoliation lie´e a` l’alte´ration sphe´ro¨ıdale pre´sentant de
la micro-fracturation (Buss et al., 2008 ; Fletcher et al., 2006 ; Jahns, 1943). Plu-
sieurs me´canismes ou sources possibles pourraient expliquer la gene`se de ces joints
d’exfoliation a` grande e´chelle (Twidale, 1973).
Une des premie`res the´ories soutenue par Gilbert (1904) concerne l’alle`gement –
ou de´compression – des contraintes verticales associe´es a` l’e´rosion, par conse´quent
l’exhumation du pluton a` la surface (discute´e dans Twidale (1973)). Cependant, la
de´compression n’est pas suffisante pour expliquer la formation de joints puisque ce
type de fracturation peut eˆtre observe´ dans d’autres formations comme les gre`s, les
dolomies ou encore des calcaires qui n’ont pas e´te´ forme´es a` de grandes profondeurs
(Bradley, 1963 ; Hancock et Engelder, 1989 ; Holzhausen, 1989 ; Mortimer et al.,
2011 ; Taylor et al., 1999 ; Twidale, 1973).
Figure 1.6 – Joints d’exfoliation subhorizontaux suivant la surface topographique dans
une carrie`re du parc national de Yosemite en Californie, USA (photographie extraite de
http://www.yosemite.ca.us, Histoire ge´ologique du Parc National de Yosemite par K.
Huber).
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L’autre hypothe`se avance´e par Blackwelder (1925) serait que l’alte´ration de
certains mine´raux permettrait une augmentation du volume de la roche et par
conse´quent la fracturation. Pour certains auteurs, l’hydratation des biotites dans
les granites serait a` l’origine de ce changement de volume pouvant former des frac-
tures jusqu’a` cent me`tres de profondeur (Lachassagne et al., 2011 ; Wyns et al.,
2004). Cependant, de nombreuses e´tudes rejettent cette hypothe`se puisque toutes
les alte´rations chimiques ne me`nent pas a` un changement de volume (Ruxton, 1958
; Trendall, 1962) et parce que l’analyse de ces joints ne re´ve`lent pas spe´cialement
de signe se´ve`re d’alte´ration (Jahns, 1943 ; Taylor et al., 1999). Certains auteurs
sugge`rent que si un stress re´siduel a` l’e´chelle du grain permettait de cre´er de la frac-
turation en tension alors de nouveaux joints devraient se former apre`s l’excavation
de roches dans les carrie`res, or ce n’est pas le cas a` pre´sent (Holzhausen, 1989 ;
Martel, 2006).
Une autre the´orie, qui semble eˆtre accepte´e par de nombreux auteurs, sugge`re que
de larges contraintes compressives paralle`les a` la surface du sol permettraient de cre´er
de la fracturation en tension (Bahat et al., 1999 ; Dale, 1923 ; Hencher et al., 2011 ;
Holzhausen, 1989 ; Mandl, 2005 ; Martel, 2006 ; Twidale, 1973). Associe´ a` ces larges
contraintes compressives, l’effet de la topographie pourrait e´galement jouer un roˆle
important dans la formation des joints d’exfoliation (Martel, 2006 ; Miller et Dunne,
1996 ; Slim, 2013). Une combinaison de contraintes intrinse`ques et extrinse`ques
pourrait aussi former des joints d’exfoliation dans les roches plutoniques (Bergbauer
et Martel, 1999). Les contraintes intrinse`ques seraient par exemple associe´es a` un
stress thermique occasionne´ par le refroidissement du pluton (Bergbauer et Martel,
1999 ; Segall et al., 1990). Les contraintes extrinse`ques pourraient correspondre a`
une relaxation thermoe´lastique des contraintes compressives horizontales profondes
lie´e a` l’exhumation du pluton a` la surface (Nadan et Engelder, 2009). Bien que
l’origine de ces structures soit sujette a` de´bat, la propagation des joints est toutefois
controˆle´e par le champ de contraintes in situ (Hancock et Engelder, 1989 ; Martel,
2006 ; Mortimer et al., 2011 ; Pollard et Aydin, 1988 ; Segall et Pollard, 1983 ; Stock
et al., 2012).
Quels que soient les processus de formation de ces joints d’exfoliation, toutes
les observations re´alise´es sur le terrain me`nent a` des caracte´ristiques communes.
Ces joints sont ge´ne´ralement subhorizontaux (Figure 1.6) ou incurve´s (concave ou
convexe) et se de´veloppent en suivant la surface du pluton (Dale, 1923 ; Jahns,
1943 ; Martel, 2006 ; Vidal Roman´ı et Twidale, 1999). L’espacement entre les joints
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augmente avec la profondeur, allant de quelques centime`tres jusqu’au me`tre voire
la dizaine de me`tres (Dale, 1923 ; Holzhausen, 1989 ; Jahns, 1943). Par conse´quent,
la fre´quence des fractures diminue avec la profondeur. Ces joints se de´veloppent
ge´ne´ralement jusqu’a` une centaine de me`tres de profondeur et peuvent pre´senter
une extension late´rale de l’ordre de la centaine de me`tres e´galement (Dale, 1923 ;
Hencher et al., 2011 ; Holzhausen, 1989 ; Jahns, 1943 ; Martel, 2006 ; Twidale, 1973).
Les fractures se de´veloppent jusqu’a` l’intersection d’autres fractures pre´existantes ou
peuvent s’arreˆter dans la roche saine (Hencher et al., 2011 ; Pollard et Aydin, 1988 ;
Segall et Pollard, 1983). Les caracte´ristiques des joints concernant la fre´quence des
fractures et les terminaisons des fractures sont e´galement valables pour les joints ver-
ticaux associe´s (Segall et Pollard, 1983). La question sera maintenant de comprendre
comment l’organisation de ces fractures affecte les e´coulements et le transport de
contaminants.
1.3 E´coulements dans les milieux fracture´s
Dans cette partie, nous allons dore´navant aborder les notions d’e´coulement dans
les milieux fracture´s, dans un premier temps a` l’e´chelle de la fracture puis a` l’e´chelle
du re´seau de fractures.
1.3.1 He´te´roge´ne´ite´s a` l’e´chelle de la fracture
Les premiers mode`les s’inte´ressant aux e´coulements dans une fracture ont d’abord
conside´re´ une fracture plane d’ouverture constante (Kira`ly, 1971 ; Snow, 1965).
L’e´coulement laminaire entre deux plaques paralle`les est gouverne´ par l’e´quation de
Boussinesq (1868) (Taylor et al., 1999) :
Q =
−ap3ρg
12µ
(
dh
dL
)
f
w (1.1)
ou` Q correspond au flux, ap est l’ouverture de la fracture, ρ est la masse volu-
mique du fluide, g est l’acce´le´ration de la pesanteur, µ est la viscosite´ du fluide,
dh/dL est le gradient de charge et w est la largeur de la fracture. Cette e´quation
est ge´ne´ralement nomme´e  loi cubique  a` cause du coefficient de proportionna-
lite´ qui varie en fonction du cube de l’ouverture (Tsang, 1992). Lorsque la fracture
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est relativement ouverte, la loi cubique peut s’appliquer bien que cette relation soit
remise en cause en particulier lorsque le contact entre les parois des fractures est
suffisamment important (Cook, 1992 ; Hakami et Larsson, 1996 ; Oron et Berkowitz,
1998 ; Pyrak-Nolte et al., 1987). Les proprie´te´s hydrauliques des fractures peuvent
eˆtre tre`s variables spatialement. En plus des variations d’ouverture lie´es a` la rugosite´
des parois, d’e´ventuels remplissages (ex. mine´raux secondaires) ou encore des zones
endommage´es peuvent affecter les proprie´te´s hydrauliques (Figure 1.7).
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Figure 1.7 – Illustration des he´te´roge´ne´ite´s rencontre´es a` l’e´chelle d’une fracture, exem-
ple de la diorite d’Aspo¨ en Sue`de, modifie´e d’apre`s Winberg et al. (2000).
Dans une fracture rugueuse faiblement ouverte, des chemins de moindre re´sistance
forment des chenaux d’e´coulement pre´fe´rentiels (Tsang et Neretnieks, 1998). De
nombreuses e´tudes ont mis en e´vidence la chenalisation des e´coulements dans une
fracture rugueuse a` l’e´chelle de l’e´chantillon de roche en laboratoire (Hakami et
Larsson, 1996 ; Pyrak-Nolte et al., 1987) ainsi qu’a` l’e´chelle de l’expe´rimentation de
terrain, soit de l’ordre de quelques me`tres (Abelin et al., 1994 ; Moreno et al., 1988).
Dans certains cas, seul 20% du plan de fracture permet les e´coulements (Abelin
et al., 1994 ; Bourke, 1987). La figure 1.8 pre´sente une paroi de fracture du granite
de Cornouailles en Angleterre tache´e d’oxyde de fer mettant en e´vidence des che-
mins pre´fe´rentiels (Bourke, 1987). Des e´tudes ont montre´ que la rugosite´ de surface
des fractures pouvait eˆtre de´crite par un mode`le fractal (Brown, 1987 ; Me´heust et
Schmittbuhl, 2001 ; Schmittbuhl et al., 1993). Des simulations nume´riques du flux
a` l’e´chelle d’une fracture suivant ce type de mode`le et pre´sentant une variabilite´
d’ouverture plus ou moins importante illustrent la chenalisation des e´coulements
(Brown, 1987 ; Me´heust et Schmittbuhl, 2001). La figure 1.9 pre´sente une simula-
tion nume´rique ou` la chenalisation dans une fracture est identifiable par la variabilite´
d’intensite´ du flux (Me´heust et Schmittbuhl, 2001). En fonction du gradient hydrau-
lique, les e´coulements au sein de la fracture peuvent eˆtre facilite´s ou inhibe´s (Me´heust
15
Chapitre 1
et Schmittbuhl, 2001). Cette chenalisation des e´coulements aura par conse´quent un
impact plus ou moins important lors d’essais de trac¸age entre puits (Becker et Sha-
piro, 2003). Selon la configuration choisie (puits de pompage et puits d’injection),
les temps de transfert pourront eˆtre tre`s variables.
Figure 1.8 – Chenalisation des e´coulements dans une fracture illustre´e par la pre´sence
d’oxyde de fer – l’he´matite, photographie extraite de Bourke (1987).
Figure 1.9 – Cartes du flux local pour une distribution d’ouverture de fracture obtenue
expe´rimentalement et pour deux configurations d’e´coulements (a) α = 0◦ et (b) α = 90◦.
L’intensite´ du flux est repre´sente´e selon une e´chelle line´aire de gris ou` les zones claires
repre´sentent les zones ou` le flux est plus grand, d’apre`s Me´heust et Schmittbuhl (2001).
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1.3.2 He´te´roge´ne´ite´s a` l’e´chelle du re´seau de fractures
Les milieux cristallins fracture´s pre´sentent ge´ne´ralement une forte variabilite´ des
proprie´te´s hydrauliques. Par exemple, les observations sur le site de Mirror Lake aux
E´tats-Unis mettent en avant une variabilite´ de la conductivite´ hydraulique sur six
ordres de grandeurs (Hsieh, 1998) (Figure 1.10). De nombreuses e´tudes sugge`rent une
de´pendance d’e´chelle sur la variabilite´ de ces proprie´te´s dans les milieux he´te´roge`nes
(Clauser, 1992 ; Hsieh, 1998 ; Illman, 2006 ; Jime´nez-Mart´ınez et al., 2013 ; Kiraly,
1975 ; Le Borgne et al., 2006 ; Mare´chal et al., 2004 ; Sanchez-Vila et al., 1996).
Des exemples dans le socle fracture´ et alte´re´ superficiel sur le site de Maheshwaram
au Sud de l’Inde (Figure 1.11) ou encore dans le socle fracture´ profond sur le site
de Ploemeur en France (Figure 1.12) illustrent a` la fois la variabilite´ des proprie´te´s
hydrauliques ainsi qu’une de´pendance avec l’e´chelle d’investigation. Toutefois, de
nombreux auteurs discutent de cette de´pendance d’e´chelle en mettant notamment
en avant le manque d’e´chantillonnage a` grandes e´chelles ou encore la varie´te´ des
me´thodes utilise´es afin d’obtenir ces re´sultats (Clauser, 1992 ; Hsieh, 1998 ; Illman,
2006 ; Jime´nez-Mart´ınez et al., 2013 ; Le Borgne et al., 2006 ; Mare´chal et al., 2004
; Sanchez-Vila et al., 1996). Ces diffe´rentes e´tudes mettent toutefois en e´vidence
la difficulte´ des me´thodes classiquement utilise´es dans les milieux homoge`nes pour
interpre´ter les observations dans les milieux fracture´s.
Figure 1.10 – Variabilite´ de la conductivite´ hydraulique mesure´e sur le site de Mirror
Lake aux E´tats-Unis en fonction de l’e´chelle d’investigation, d’apre`s Hsieh (1998).
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Figure 1.11 – E´volution de la conductivite´ hydraulique obtenue a` partir de diffe´rentes
me´thodes sur le site de Maheshwaram en Inde, d’apre`s Mare´chal et al. (2004). PFN :
”Primary Fractures Network” et SFN : ”Secondary Fractures Network”.
Figure 1.12 – E´volution de la transmissivite´ et du coefficient d’emmagasinement en
fonction de l’e´chelle d’investigation sur le site de Ploemeur en France. Les valeurs sont
estime´es a` partir de diffe´rentes me´thodes et les e´chelles varient du forage a` l’ensemble de
l’aquife`re, d’apre`s Jime´nez-Mart´ınez et al. (2013).
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Cette de´pendance d’e´chelle des proprie´te´s hydrauliques serait fortement lie´e a` la
connectivite´ des chemins d’e´coulement pre´fe´rentiels (Bour et Davy, 1997 ; de Dreuzy
et al., 2012 ; Hsieh, 1998 ; Sanchez-Vila et al., 1996). A` l’e´chelle du re´seau de frac-
tures, les e´coulements vont eˆtre fonction de la connectivite´ des zones de proprie´te´s hy-
drauliques similaires pre´sentant souvent une organisation en chenaux plus ou moins
bien connecte´s entre eux (Tsang et Neretnieks, 1998). La figure 1.13 illustre par
exemple la pre´sence de chemins pre´fe´rentiels d’e´coulement dans le granite de Stripa
en Sue`de, ou` 80% du flux est localise´ dans une seule fracture (Olsson et al., 1992).
Notons que ce site est localise´ a` une profondeur d’environ 380 m sous la surface
du sol. Sur le site de Mirror Lake aux E´tats-Unis, constitue´ d’un de´poˆt glaciaire
d’environ 55 m d’e´paisseur recouvrant des schistes avec de nombreuses instrusions
de granite, pegmatite et en moindre quantite´ des filons de lamprophyre, les re´sultats
d’imagerie de parois ont re´ve´le´ qu’entre 20 et 80 m de profondeur, chaque forage
intersecte entre 20 et 60 fractures. Cependant, les essais de pompage re´alise´s sur
chacun des puits montrent que seulement 1 a` 3 fractures contribuent a` 90% du flux
(discute´ dans National Research Council (1996)). Les investigations sur ce site ont
par ailleurs mis en e´vidence, au sein du re´seau de fractures, quatre amas de fractures
plus transmissives (Figure 1.14) (Hsieh, 1998). Ces structures pertinentes pour les
e´coulements sont de´pendantes de la connectivite´ du re´seau de fractures, elle-meˆme
de´pendante des proprie´te´s ge´ome´triques des fractures. Ces proprie´te´s ge´ome´triques
sont, entre autres, la densite´ du re´seau de fractures, la distribution des orientations
de fractures ou encore la distribution des longueurs et des ouvertures de fractures
(Bour et Davy, 1997 ; Darcel et al., 2003 ; de Dreuzy et al., 2001a,b).
Figure 1.13 – Ensemble des fractures re´fe´rence´es dans une galerie du site de Stripa en
Sue`de ou` 80% du flux est concentre´ dans une fracture de la  H-zone . La fle`che indique
la localisation de la fracture ou` le flux s’e´coule, d’apre`s Olsson et al. (1992).
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Figure 1.14 – Section verticale du site de Mirror Lake aux E´tats-Unis illustrant les amas
de fractures plus transmissives et les re´seaux de fractures moins transmissives, d’apre`s
Hsieh (1998).
Du point de vue the´orique, des e´tudes nume´riques ont montre´ l’importance de
la connectivite´ de fractures sur la hie´rarchisation des e´coulements (Bour et Davy,
1997, 1998 ; Darcel et al., 2003 ; de Dreuzy et al., 2001a,b ; Le Goc, 2009). La
figure 1.15 pre´sente trois re´seaux de fractures en deux dimensions aux proprie´te´s
statistiques identiques. Bien que ces milieux synthe´tiques pre´sentent les meˆmes pro-
prie´te´s statistiques, leurs proprie´te´s hydrauliques comme l’organisation des chenaux
d’e´coulements peuvent varier d’un re´seau a` l’autre (Le Goc, 2009). Pour des frac-
tures de tailles identiques, la densite´ de fractures va controˆler la connexion du re´seau.
Dans ce cas, a` partir d’une densite´ de fractures suffisamment importante, le re´seau
sera connecte´ peu importe l’e´chelle d’observation (Bour et Davy, 1997 ; Darcel,
2002). Si la distribution des longueurs de fractures suit une loi de puissance, la
connexion du re´seau de´pendra e´galement de la taille du syste`me. Il existera donc
une e´chelle a` partir de laquelle le milieu sera connecte´, meˆme pour une faible densite´
de fractures (Bour et Davy, 1997). Par conse´quent, comprendre l’organisation des
e´coulements, en particulier la localisation et la distribution spatiale des structures
pertinentes d’un syste`me naturel pre´sentera un enjeu majeur dans le but de pre´dire
les e´coulements dans ce meˆme syste`me.
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Figure 1.15 – Exemple de re´seaux de fractures posse´dant les meˆmes proprie´te´s statis-
tiques (densite´, distribution des transmissivite´s et des longueurs communes). Les figures
du haut pre´sentent les re´seaux de fractures selon le logarithme de la transmissivite´. Les
figures du bas illustrent les flux associe´s aux diffe´rents re´seaux. Il apparait nettement une
chenalisation des e´coulements ou` l’organisation peut varier selon la configuration, d’apre`s
Le Goc (2009).
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1.4 E´tudes des proprie´te´s de transport dans les
milieux he´te´roge`nes
Dans cette partie, nous allons aborder les notions de transport de solute´s dans
les milieux fracture´s. Nous pre´senterons ensuite les expe´riences pouvant eˆtre mises
en place dans les milieux naturels afin de caracte´riser leurs proprie´te´s de transport.
1.4.1 Processus physiques de transport de solute´s
Dans un milieu poreux homoge`ne et isotrope ou` la loi de Darcy est valide,
c’est-a`-dire ou` les e´coulements sont suffisamment lents pour ne´gliger le potentiel
d’e´nergie cine´tique, le transport de solute´s non re´actifs est gouverne´ par l’e´quation
d’advection-dispersion qui s’e´crit :
∂C
∂t
= ∇ · (D∇C)−∇ · (vC) (1.2)
ou` C repre´sente la concentration du solute´, t correspond au temps, v la vitesse
moyenne du fluide et D est le tenseur de dispersion hydrodynamique qui s’exprime
e´galement selon la diffusion mole´culaire du solute´ Dm ainsi que la dispersivite´ lon-
gitudinale et transversale αL,T , soit DL,T = αL,T v + Dm. Le transport de solute´s
dans un milieu parfaitement homoge`ne est dit  Fickien  ou  normal  puisque,
apre`s l’injection ponctuelle d’un solute´, la concentration de celui-ci suit une distri-
bution spatiale gaussienne. En revanche, ce type de comportement est rarement ob-
serve´ dans les milieux he´te´roge`nes. Le transport de solute´ dans ces milieux est alors
qualifie´ de  Non-Fickien  ou  anormal  (Berkowitz, 2002 ; Carrera, 1993). Le
transport anormal de solute´ se caracte´rise par de nombreux comportements comme
par exemple un effet d’e´chelle sur la dispersivite´ (Carrera, 1993 ; Gelhar et al.,
1992 ; Zhou et al., 2007) (Figure 1.16), une de´pendance d’e´chelle et de temps sur
la porosite´ apparente (Guimera` et Carrera, 2000) ou encore des courbes de restitu-
tion asyme´triques pre´sentant des longues queues de restitution (Becker et Shapiro,
2003 ; Carrera, 1993 ; Hadermann et Heer, 1996 ; Haggerty et al., 2000 ; Meigs et
Beauheim, 2001).
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Figure 1.16 – De´pendance d’e´chelle de la dispersivite´ observe´e dans les milieux
he´te´roge`nes, d’apre`s Zhou et al. (2007).
Les processus de transport de solute´s peuvent alors eˆtre cate´gorise´s comme suit
(Bodin et al., 2003) :
 L’advection he´te´roge`ne, ou la dispersion, occasionne´e par la se´paration de plu-
sieurs chemins d’e´coulement a` l’e´chelle de la fracture ou du re´seau de fractures.
 La dispersion hydrodynamique qui correspond a` l’e´talement du solute´ par
e´tirement et sa dilution dans un volume donne´, celui d’un chemin pre´fe´rentiel
d’e´coulement.
 La diffusion dans la matrice de´finie par les e´changes de masse entre les zones
mobiles et immobiles. Les zones mobiles sont associe´es aux zones de mou-
vement de fluide dans une fracture ou dans les chenaux a` l’inte´rieur meˆme
d’une fracture. Les zones immobiles correspondent aux zones de fluide stag-
nant, soit a` l’inte´rieur de la matrice rocheuse ou au sein d’une fracture, entre
les diffe´rents chemins d’e´coulements pre´fe´rentiels (Figure 1.17) (Rasmuson et
Neretnieks, 1986).
 Les re´actions physiques ou chimiques entre le solute´, l’eau et la roche. Pour
un solute´ dit conservatif, ces re´actions seront principalement des processus de
sorption entre le solute´ et le mate´riel rocheux.
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Figure 1.17 – Repre´sentation des zones mobiles et immobiles a` l’inte´rieur d’une fracture
rugueuse, d’apre`s Rasmuson et Neretnieks (1986).
La figure 1.18 illustre l’impact des he´te´roge´ne´ite´s d’une fracture sur le transport
de solute´s. Des expe´riences ont e´te´ re´alise´es en laboratoire a` l’e´chelle de deux frac-
tures rugueuses. Dans un cas, la rugosite´ de la fracture fut obtenue suivant un mode`le
exponentiel, et dans l’autre cas, suivant un mode`le fractal (Lunati et al., 2003). Les
expe´riences de transport ont e´te´ effectue´es dans des fractures vides et remplies par
des billes de verre, permettant dans ce cas pre´cis de simuler l’effet d’une gouge de
faille. Lorsque les fractures sont vides, les distributions des vitesses sont plus larges
ce qui implique une dispersion plus importante. Ceci est visible sur le front d’avance-
ment du traceur ou` des zones d’e´coulement aux vitesses plus grandes se distinguent
des zones aux vitesses plus faibles. Cet effet est d’autant plus important lorsque la
rugosite´ de la fracture suit un mode`le fractal. En revanche, lorsque les fractures sont
remplies par les billes de verre, les fronts d’avancement du traceur sont beaucoup
moins impacte´s par les he´te´roge´ne´ite´s des parois (Lunati et al., 2003).
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Figure 1.18 – Expe´riences de trac¸age en laboratoire dans deux fractures rugueuses sui-
vant diffe´rents mode`les de rugosite´ remplies ou non par des billes de verre. Le remplissage
avec des billes de verre a pour objectif de simuler le roˆle d’une gouge de faille. La distribu-
tion du traceur est donne´e pour diffe´rents temps dimensionne´s. (a) Fracture vide suivant
un mode`le de rugosite´ exponentiel. (b) Fracture vide suivant un mode`le de rugosite´ fractal.
(c) Fracture remplie de billes de verre suivant le mode`le exponentiel (d) Fracture remplie
de billes de verre suivant le mode`le fractal, d’apre`s Lunati et al. (2003).
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1.4.2 Expe´riences de trac¸age dans les milieux naturels
La compre´hension des processus dominant le transport de solute´s dans les milieux
fracture´s est essentielle dans le but de pre´dire le transfert de contaminants depuis
la surface jusqu’au puits d’exploitation ou encore afin de restaurer des syste`mes
aquife`res (Berkowitz, 2002 ; Bodin et al., 2003). Toutefois, bon nombre d’e´tudes
re´alise´es dans les roches plutoniques s’inte´ressent au transport de radionucle´ides
qui concerne directement les sites de stockage des de´chets nucle´aires. De fait, pour
re´pondre a` ces questions complexes, la majorite´ des e´tudes sont re´alise´es a` des pro-
fondeurs importantes de plusieurs centaines de me`tres, comme sur le site d’enfouisse-
ment de Stripa en Sue`de (Neretnieks et al., 1982), de Grimsel en Suisse (Hadermann
et Heer, 1996), d’Aspo¨ en Sue`de (Andersson et al., 2004) ou encore sur l’ancien site
minier de Fanay-Auge`re en France (Cacas et al., 1990a,b).
L’une des difficulte´s pour caracte´riser les processus de transport de solute´s dans
les milieux he´te´roge`nes re´side dans la quantite´ limite´e d’information, en particulier,
a` cause du nombre restreint de points d’observation. Bien souvent, cette information
se limite a` une courbe de concentration restitue´e en un point d’observation. Afin de
pallier ce manque d’information spatiale, les me´thodes d’imagerie ge´ophysique, utili-
sant par exemple des outils radar couple´s a` des tests de trac¸age au sel, s’ave`rent tre`s
comple´mentaires (Dorn et al., 2012 ; Talley et al., 2005). L’autre difficulte´ demeure
dans le nombre important de mode`les de transport permettant de reproduire un
meˆme comportement sur les courbes de restitution (Becker et Shapiro, 2000, 2003 ;
Berkowitz et al., 2008 ; Haggerty et Gorelick, 1995 ; Haggerty et al., 2000 ; Malos-
zewski et Zuber, 1990, 1993 ; Moench, 1995 ; Reimus et al., 2003 ; Roubinet et al.,
2012 ; Tang et al., 1981). En conside´rant les re´actions physiques et chimiques entre
le solute´ et la matrice rocheuse comme e´tant ne´gligeables, l’advection he´te´roge`ne
et la diffusion dans la matrice peuvent toutes deux occasionner le meˆme type de
comportement. L’interpre´tation d’un seul test de trac¸age pourrait par conse´quent
eˆtre errone´e. La figure 1.19 illustre un test de trac¸age re´alise´ entre forages sur le
site de Mirror Lake aux E´tats-Unis et interpre´te´ avec un mode`le tenant compte de
la diffusion dans la matrice (Becker et Shapiro, 2000). Or, graˆce a` l’utilisation de
plusieurs traceurs aux coefficients de diffusion diffe´rents lors d’essais mene´s dans
plusieurs configurations, les auteurs montrent dans cette meˆme e´tude que la diffu-
sion dans la matrice peut eˆtre ne´glige´e puisque les courbes de restitution pre´sentent
un comportement similaire (Figure 1.20a). Ils sugge`rent que le processus dominant
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le transport de solute´s dans ce contexte est l’advection he´te´roge`ne. L’utilisation
conjointe de plusieurs traceurs de diffe´rents coefficients de diffusion s’ave`re eˆtre, par
conse´quent, une excellente approche pour mettre en e´vidence ou non l’impact de la
diffusion dans la matrice (Becker et Shapiro, 2000 ; Callahan et al., 2000 ; Garnier
et al., 1985 ; Jardine et al., 1999 ; Meigs et Beauheim, 2001 ; Shapiro, 2001). Dans
le cadre d’essais de trac¸age entre forages ou` le gradient est ge´ne´ralement impose´,
re´pe´ter les essais de trac¸age pour diffe´rents de´bits et/ou diffe´rentes configurations
permet e´galement de re´duire l’incertitude sur le mode`le utilise´ et donc sur les pa-
rame`tres obtenus (Becker et Shapiro, 2000, 2003 ; Meigs et Beauheim, 2001) (Figure
1.20b).
Figure 1.19 – Exemple d’un essai de trac¸age re´alise´ entre deux forages sur le site de
Mirror Lake aux E´tats-Unis et interpre´te´ avec un mode`le de diffusion dans la matrice,
d’apre`s Becker et Shapiro (2000).
Une autre approche consiste a` utiliser des techniques de trac¸age offrant des in-
formations comple´mentaires, comme les essais entre forages en comparaison de ceux
re´alise´s en puits seul, les  push-pull , (Becker et Shapiro, 2003 ; Meigs et Beau-
heim, 2001 ; Nordqvist et al., 2012 ; Tsang, 1995). Les processus advectifs et dif-
fusifs sont conjointement mis en jeu lors des tests entre forages. En revanche, les
processus advectifs sont, a priori, re´versibles lors des essais de push-pull puisque les
de´bits d’injection et de pompage sont identiques. Les tests de push-pull sont donc
particulie`rement adapte´s pour diagnostiquer le roˆle de la diffusion dans la matrice
(Neretnieks, 2007 ; Tsang, 1995). Ces essais de push-pull peuvent e´galement eˆtre
27
Chapitre 1
mis en œuvre pour mesurer les vitesses naturelles d’un aquife`re (Hall et al., 1991 ;
Leap et Kaplan, 1988) ou encore pour e´tudier la re´activite´ du milieu (Boisson et al.,
2013b ; Istok et al., 1997). Le choix du traceur est bien e´videment tre`s important
et conditionne les re´sultats des expe´riences. D’apre`s Leibundgut et al. (2009), le
traceur conservatif ide´al doit eˆtre (1) tre`s soluble dans l’eau, (2) de´tectable en faible
quantite´, (3) faiblement de´pendant du pH et de la tempe´rature, (4) non sorbant,
(5) stable au niveau chimique et biologique et (6) non toxique pour l’environnement.
Figure 1.20 – Re´sultats de plusieurs tests de trac¸age re´alise´s entre puits pour (a)
diffe´rents types de traceurs et (b) diffe´rents de´bits et configurations, d’apre`s Becker et
Shapiro (2000).
L’analyse des courbes de restitution se re´alise souvent en diagramme bi-logarith-
mique puisque les queues des courbes de restitution suivent des lois de puissance
(Haggerty et al., 2000). En particulier, il a e´te´ de´montre´ mathe´matiquement que
la pente caracte´ristique de la diffusion dans la matrice correspond a` un exposant
de -1.5 (Hadermann et Heer, 1996 ; Haggerty et al., 2000 ; Shapiro et al., 2008).
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D’autres e´tudes ont montre´ que la pente d’exposant -2 pouvait eˆtre attribue´e a`
l’advection he´te´roge`ne, aussi qualifie´e d’advection lente, occasionne´e par une large
gamme de vitesses d’e´coulement (Becker et Shapiro, 2000, 2003 ; Di Donato et al.,
2003 ; Willmann et al., 2008). Ces deux comportements ont e´te´ observe´s de manie`re
simultane´e dans un milieu poreux (Gouze et al., 2008 ; Le Borgne et Gouze, 2008)
et suspecte´s dans un milieu fracture´ (Shapiro et al., 2008). La figure 1.21 montre un
mode`le d’interpre´tation tenant compte des deux processus (Shapiro et al., 2008). La
premie`re partie de la courbe de restitution est domine´e par l’advection he´te´roge`ne,
c’est-a`-dire la somme de plusieurs temps d’arrive´e du traceur lie´e a` la variabilite´ des
vitesses dans le milieu. Ensuite, la diffusion dans la matrice domine le transport sur
les temps tre`s longs et la pente d’exposant -1.5 est simule´e. Cette approche couple´e
aux diffe´rentes configurations d’essais de trac¸age permet donc une analyse fine des
processus de transport et ame´liore la cohe´rence du mode`le utilise´.
Figure 1.21 – Mode`le d’interpre´tation d’essais de trac¸age incluant l’advection he´te´roge`ne
et la diffusion dans la matrice. La pente de -2, attribue´e a` l’advection he´te´roge`ne, et celle
de -1.5, caracte´ristique de la diffusion dans la matrice, sont repre´sente´es, d’apre`s Shapiro
et al. (2008).
29
Chapitre 1
1.5 Inte´reˆt de la conceptualisation des milieux
naturels pour la mode´lisation
Les approches de´veloppe´es pour la mode´lisation (donc la pre´diction) des e´coule-
ments et du transport de contaminants dans les re´servoirs he´te´roge`nes sont multiples
et traduisent la difficulte´ d’appre´hender les caracte´ristiques complexes de ces mi-
lieux (Blessent et al., 2014 ; Cacas et al., 1990a ; Carrera et Martinez-Landa, 2000 ;
de Dreuzy, 1999 ; de Dreuzy et al., 2012 ; Leray et al., 2013 ; Long et Billaux, 1987).
Une premie`re approche, dite continue, conside`re le milieu fracture´ comme un milieu
poreux e´quivalent. Celle-ci est souvent utilise´e au premier ordre lorsque les infor-
mations ne´cessaires pour affiner les mode`les restent inconnues (National Research
Council, 1996). Cette de´marche ne prend pas en conside´ration l’he´te´roge´ne´ite´ en
tant que telle et est base´e uniquement sur l’estimation des proprie´te´s hydrauliques
du milieu. Une deuxie`me approche, dite discre`te, tient compte quant a` elle des pro-
prie´te´s ge´ome´triques des fractures et conside`re les e´coulements dans chacune des
fractures (Cacas et al., 1990a ; de Dreuzy et al., 2012 ; Long et Billaux, 1987). L’in-
conve´nient de cette dernie`re re´side surtout dans le nombre important de donne´es de
terrain sur la ge´ome´trie et les proprie´te´s hydrauliques des fractures ne´cessaires pour
contraindre le mode`le. L’organisation en re´seaux des failles et des joints rendent
l’e´chantillonnage de l’ensemble de leurs proprie´te´s ge´ome´triques impossible. Les ob-
servations de terrain sont, en ge´ne´ral, re´alise´es aux aﬄeurements et dans les forages
qui sont a` la fois limite´s dans l’espace et en nombre. L’approche de´terministe est
par conse´quent limite´e aux grandes structures et ne peut eˆtre applique´e a` l’ensemble
du syste`me (Carrera et Martinez-Landa, 2000). Afin de pallier ces limitations, l’ap-
proche stochastique permet une repre´sentation statistique des proprie´te´s des frac-
tures (National Research Council, 1996). De fait, les approches discre`te et stochas-
tique sont e´troitement lie´es, bien que cette dernie`re soit e´galement de´pendante de
l’e´chantillonnage. D’autres de´marches peuvent eˆtre adopte´es telles que les approches
hybrides afin d’optimiser les temps de calculs et l’inte´gration des he´te´roge´ne´ite´s pour
pre´dire les e´coulements et le transport de contaminants (de Dreuzy, 1999 ; Leray
et al., 2013). Pour des descriptions comple`tes de ces diffe´rentes approches et mode`les,
le lecteur peut se re´fe´rer aux the`ses suivantes : Bour (1997) ; de Dreuzy (1999) et
Darcel (2002).
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La conceptualisation des re´servoirs he´te´roge`nes joue par conse´quent un roˆle clef
dans la prise en compte des diffe´rentes entite´s ne´cessaires a` la mode´lisation. Une
caracte´risation fine des proprie´te´s du milieu permettra de de´finir les structures hy-
droge´ologiques pertinentes pour les e´coulements et le transport de contaminants. A`
titre d’exemple, le mode`le conceptuel re´alise´ sur le site de Mirror Lake aux E´tats-Unis
(Hsieh, 1998), pre´sente´ pre´ce´demment en figure 1.14, illustre quelques amas de frac-
tures plus transmissives plus ou moins bien connecte´s spatialement. Ces structures
pertinentes ont ensuite e´te´ prises en compte lors de la mode´lisation du syste`me,
permettant ainsi d’obtenir des re´sultats concluants sur les re´ponses hydrauliques
(Day-Lewis et al., 2000). Concernant les milieux cristallins alte´re´s et fracture´s, Wyns
et al. (2004) proposent un mode`le conceptuel ge´ne´ralisant les structures ge´ologiques
sur des e´chelles plurikilome´triques (Figure 1.22).
Figure 1.22 – Mode`le conceptuel hydroge´ologique ge´ne´ralise´ des aquife`res cristallins
fracture´s et alte´re´s, d’apre`s Wyns et al. (2004).
Les auteurs mettent en avant une fracturation plus de´veloppe´e dans la partie
supe´rieure de la roche et au niveau des accidents majeurs ce qui sugge`re une certaine
importance de ces structures pour les e´coulements. Une fracturation plus de´veloppe´e
aura certainement un roˆle sur la perme´abilite´ du milieu. Toutefois, le lien entre frac-
turation et proprie´te´s hydrauliques n’est pas encore comple`tement e´tabli. En par-
ticulier, il reste essentiel de savoir si les e´coulements peuvent eˆtre e´ventuellement
homoge´ne´ise´s dans ces re´servoirs (alte´rite et roche fracture´e) du fait de l’impor-
tance de la densite´ de fractures par exemple, ou bien si les e´coulements restent tre`s
chenalise´s au sein de ces re´servoirs. Ceci aura particulie`rement de l’importance de`s
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lors que la question du transport de contaminants sera pose´e. En l’occurrence, si
les e´coulements sont tre`s chenalise´s, alors ces derniers controˆleront fortement les
temps de transfert et les proprie´te´s de transport du milieu (Tsang et Neretnieks,
1998). Toutefois, il est ne´cessaire de souligner que ces mode`les conceptuels sont des
repre´sentations simplifie´es des milieux naturels. Un meˆme jeu de donne´es, qui res-
tera toujours incomplet, pourrait e´galement conduire a` des visions diffe´rentes de la
re´alite´.
1.6 Conceptualisation des milieux cristallins
alte´re´s et fracture´s en contexte semi-aride
Plusieurs mode`les conceptuels hydroge´ologiques ont e´te´ propose´s dans les milieux
alte´re´s et fracture´s en contexte aride ou semi-aride faisant e´tat de la variabilite´ des
proprie´te´s hydrodynamiques rencontre´es (Banks et al., 2009 ; Chilton et Foster,
1995 ; Dewandel et al., 2006, 2012 ; Larsson, 1984 ; Mare´chal et al., 2004 ; Perrin
et al., 2011a ; Taylor et Howard, 2000). Ces e´tudes sont, pour la plupart, mene´es
a` l’e´chelle du bassin versant ce qui ame`ne bien souvent a` une approche inte´gratrice
de l’ensemble des proprie´te´s hydrodynamiques et des structures ge´ologiques. Par
exemple, la figure 1.23 pre´sente l’e´volution du nombre de fractures productives ainsi
que les conductivite´s hydrauliques rencontre´es en fonction de la profondeur sur un
bassin versant situe´ en Andhra Pradesh, au Sud de l’Inde (Dewandel et al., 2006).
Les profils de de´bitme´trie en forage ont e´te´ cumule´s en supposant que les fractures
productives soient relativement horizontales. Cela permit de mettre en e´vidence une
zone de transition se situant a` l’interface entre la saprolite et le granite, pre´sentant
un nombre plus important de fractures productives, en accord avec le mode`le de
Wyns et al. (2004) pre´sente´ pre´ce´demment. Notons que le reste de la structure,
incluant la saprolite et le granite fracture´, pre´sente un nombre plus restreint de
fractures productives. Au-dela` de la vingtaine de me`tres, en dessous de la zone de
transition, les auteurs n’ont pas rencontre´ d’autres fractures productives sugge´rant
ainsi que l’ensemble des e´coulements souterrains ont lieu dans la partie supe´rieure
du granite. Les conductivite´s hydrauliques reporte´es sur le profil varient sur deux
ordres de grandeur.
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Figure 1.23 – Interpre´tation de 19 tests de de´bitme´trie verticale illustre´s par rapport
a` l’interface saprolite – granite fracture´ (a) Profil du nombre de fractures productives
somme´ sur l’ensemble des tests re´alise´ en injection tous les 50 centime`tres (b) Qualite´ des
observations exprime´e comme le rapport entre le nombre d’observations disponibles pour
chaque portion du re´servoir et le nombre total de tests (c) Conductivite´s hydrauliques
estime´es pour chaque fracture productive, d’apre`s Dewandel et al. (2006).
Cette approche inte´gratrice permet ainsi de faciliter la re´gionalisation des pro-
prie´te´s hydrauliques (Courtois et al., 2010 ; Dewandel et al., 2012) ou encore la
simulation des e´coulements a` l’e´chelle d’un bassin versant (Chaudhuri et al., 2013).
Bien que la diminution de la fre´quence de fractures productives avec la profon-
deur soit mise en avant dans cette e´tude, la structure des e´coulements reste encore
mal connue. Pour des e´coulements tre`s localise´s dans seulement quelques fractures,
le transport de contaminants serait affecte´ de manie`re significative. Les temps de
transfert de solute´s pourraient par exemple eˆtre tre`s courts dans le cadre d’une
seule fracture transmissive, ou alors tre`s long, si l’on suppose des fractures tre`s mal
connecte´es entre elles. De fait, prendre en conside´ration la variabilite´ spatiale des
he´te´roge´ne´ite´s et la structure des e´coulements permettrait d’affiner la pre´diction des
e´coulements et du transport de contaminants dans ce type de milieu.
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1.7 Approches et objectifs de la the`se
Dans ce chapitre d’introduction, nous avons vu que les milieux cristallins alte´re´s
et fracture´s pre´sentaient des proprie´te´s hydrauliques tre`s variables spatialement
(Dewandel et al., 2006 ; Hsieh, 1998 ; Jime´nez-Mart´ınez et al., 2013 ; Mare´chal
et al., 2004). Les he´te´roge´ne´ite´s a` l’e´chelle d’une fracture vont faciliter ou inhiber les
e´coulements et impacter le transport de contaminants (Abelin et al., 1994 ; Becker
et Shapiro, 2003 ; Lunati et al., 2003 ; Me´heust et Schmittbuhl, 2001 ; Rasmuson
et Neretnieks, 1986). A` l’e´chelle du re´seau de fractures, la connectivite´ de fractures
organise les e´coulements pre´fe´rentiellement ce qui affecte e´galement les temps de
transfert de solute´s d’un point a` un autre (Cacas et al., 1990b ; Darcel, 2002 ;
de Dreuzy et al., 2012 ; Le Goc, 2009 ; Tsang et Neretnieks, 1998). La mode´lisation
de ces syste`mes complexes passe, de fait, par la prise en compte des he´te´roge´ne´ite´s, au
minimum des structures pertinentes (Blessent et al., 2014 ; Cacas et al., 1990a ; Car-
rera et Martinez-Landa, 2000 ; de Dreuzy et al., 2012 ; Leray et al., 2013). Toutefois,
identifier les principales structures perme´ables, leur distribution spatiale, ainsi que
leurs proprie´te´s hydrauliques et de transport reste relativement complexe en particu-
lier lorsque les e´tudes sont mene´es a` l’e´chelle d’un bassin versant. Ceci est d’autant
plus vrai dans les milieux cristallins fracture´s soumis au processus d’alte´ration pro-
fonde ou` les proprie´te´s ont e´te´ le plus souvent inte´gre´es sur l’ensemble du bassin
versant par manque d’information a` l’e´chelle locale (Banks et al., 2009 ; Chilton et
Foster, 1995 ; Dewandel et al., 2006, 2012 ; Mare´chal et al., 2004 ; Taylor et Howard,
2000). Une e´tude a` cette e´chelle permettrait ainsi d’affiner les observations de fac¸on
a` mieux prendre en conside´ration les proprie´te´s des he´te´roge´ne´ite´s afin de pre´dire au
mieux les e´coulements et le transport de contaminants dans ces syste`mes complexes.
A` travers cette the`se, nous proposons une description plus pre´cise des he´te´roge´ne´i-
te´s et de leurs proprie´te´s rencontre´es dans le socle fracture´ et alte´re´ en contexte
semi-aride. Cette e´tude be´ne´ficie d’un site expe´rimental de´veloppe´ dans la re´gion
de l’Andhra Pradesh, en Inde du Sud, compose´ d’un nombre important de forages
d’observation. Ces forages ont e´te´ mis en place a` diffe´rentes profondeurs, sur une sur-
face restreinte, permettant ainsi d’affiner les observations a` l’e´chelle locale. L’inte´reˆt
majeur de ce site est de pouvoir e´tudier les he´te´roge´ne´ite´s a` l’e´chelle de la fracture
et du re´seau de fractures.
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Dans une premie`re partie, nous proposons une caracte´risation hydrodynamique
du milieu afin de la relier aux he´te´roge´ne´ite´s ge´ologiques. L’objectif principal est de
comprendre l’organisation des e´coulements en fonction des conditions hydrologiques,
tre`s variables dans cette re´gion semi-aride (Devineni et al., 2013). En effet, les e´tudes
pre´ce´dentes dans ce contexte se sont principalement focalise´es sur les proprie´te´s
hydrodynamiques du milieu (Dewandel et al., 2006, 2011 ; Mare´chal et al., 2003,
2004) mais tre`s peu sur la structure des e´coulements, hormis a` l’e´chelle du bassin
versant permettant de caracte´riser le roˆle d’une discontinuite´ ge´ologique majeure
type dyke (Perrin et al., 2011a). Pour re´pondre a` cette question a` une e´chelle plus
locale, diffe´rentes me´thodes hydrauliques ont e´te´ mises en place (chocs hydrauliques,
essais de pompage) sous diffe´rentes conditions hydrologiques afin d’identifier les
structures pertinentes pour les e´coulements. Nous essayerons ensuite de relier les
observations faites a` l’e´chelle du site expe´rimental a` celles du bassin versant, afin de
discuter des implications sur la gestion de la ressource en eau souterraine dans ce
contexte.
Plusieurs e´tudes ont sugge´re´ que ce type de milieu pre´sentait une variabilite´
des proprie´te´s hydrauliques en fonction de la profondeur (Acworth, 1987 ; Briz-
Kishore, 1993 ; Chilton et Foster, 1995 ; Davis et Turk, 1964 ; Dewandel et al.,
2006 ; Foster, 1984 ; Jones, 1985 ; Larsson, 1984 ; Mare´chal et al., 2004). Suite a`
cette caracte´risation hydrodynamique, l’autre objectif sera d’affiner et de quantifier
la variabilite´ de ces proprie´te´s selon la profondeur, sur un meˆme site d’e´tude. Pour
cela, diffe´rentes me´thodes d’investigation dans les parties sature´e et non sature´e
(essais avec obturateur, perme´ame`tres de forage etc.), a` l’e´chelle du puits ou du
re´servoir, permettront d’aborder cette e´volution. L’inte´reˆt de cette partie sera de
fournir une repre´sentation de´taille´e des structures pertinentes et de leurs proprie´te´s
hydrauliques selon la verticale pour, in fine, fournir des parame`tres d’entre´e pour
de la mode´lisation future.
L’identification des processus dominant le transport de solute´s est primordiale
dans la mesure ou` cela constitue une des clefs pour pre´dire le transfert de conta-
minants depuis la surface. Cela est d’autant plus important dans un contexte d’ex-
ploitation de la ressource en eau. La dernie`re partie de ce travail consiste donc en
l’e´tude des proprie´te´s de transport dans le milieu sature´, a` l’e´chelle d’une zone de
fractures de sub-surface. Sous climat tropical, les fractures de sub-surface peuvent
pre´senter des parois beaucoup plus alte´re´es que dans d’autres re´gions (Dewandel
et al., 2006 ; Mare´chal et al., 2004). Par conse´quent, la question est de savoir dans
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quelle mesure cela impacte le transport de solute´s. La diffusion dans la matrice
dominerait-elle le transport de`s lors que l’alte´ration des parois des fractures serait
suffisamment avance´e, augmentant ainsi la porosite´ de ces dernie`res (Ohlsson et
Neretnieks, 1995) ? Hormis quelques e´tudes tre`s de´taille´es du transport dans des
syste`mes de sub-surface comme sur le site de Mirror Lake aux E´tats-Unis (Becker
et Shapiro, 2000, 2003), la majorite´ des e´tudes avance´es sur le transport de conta-
minants sont oriente´es sur les questions de stockage des de´chets radioactifs (Abelin
et al., 1994 ; Andersson et al., 2004 ; Cacas et al., 1990a ; Cvetkovic et Cheng, 2011
; Hadermann et Heer, 1996 ; Neretnieks et al., 1982 ; Nordqvist et al., 2012) ou`
l’inte´gralite´ des expe´riences sont, de fait, re´alise´es dans des fractures situe´es a` des
profondeurs tre`s importantes. Par ailleurs, il n’existe pas, a` notre connaissance, de
donne´es de transport de solute´s dans le socle du Sud de l’Inde, pourtant intensive-
ment exploite´ pour la ressource en eau souterraine, et tre`s peu dans le socle alte´re´
sous climat aride et semi-aride (Taylor et al., 2010). Afin de fournir des e´le´ments de
re´ponse a` cette question complexe, nous avons mis en place deux types d’expe´riences
comple´mentaires en conditions de forc¸age sur le site expe´rimental de Choutuppal.
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Contexte de l’e´tude et
pre´sentation du site expe´rimental
Dans la premie`re partie de ce chapitre, nous pre´senterons le contexte de l’e´tude
en mettant l’accent sur la vulne´rabilite´ de la ressource en eau souterraine en Inde
et plus spe´cifiquement en Inde du Sud. Ensuite, nous pre´senterons les aspects cli-
matiques et hydrologiques de la re´gion de l’Andhra Pradesh, ou` a e´te´ implante´ le
site expe´rimental, et nous finirons sur les proprie´te´s ge´ologiques et hydroge´ologiques
rencontre´es dans la re´gion. Le site expe´rimental de Choutuppal sera pre´sente´ dans
la dernie`re partie de ce chapitre et sera replace´ dans son contexte socie´tal et scien-
tifique.
2.1 Vulne´rabilite´ de la ressource en eau
souterraine en Inde
L’Inde, pre´sente´e en figure 2.1, est un pays d’une superficie de 3 287 590 km2
soit environ cinq fois plus que celle de la France et trois fois moins que celle de
la Chine. L’Inde se compose de vingt-huit E´tats, divise´s en districts, eux-meˆmes
divise´s en mandals. En 2010, ce pays comptait environ 17.5% de la population mon-
diale, soit environ 1.2 milliard d’individus (United Nations, 2013). La figure 2.2
pre´sente l’e´volution de la population en Inde depuis 1950, en termes de densite´ de
population. Ce passage en nombre d’habitants par kilome`tre carre´ permet de com-
parer l’e´volution de la population a` celle de la Chine qui est le pays le plus peuple´ au
monde. A` partir de cette meˆme base de donne´es, la Chine repre´sentait environ 19.7%
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de la population mondiale, soit approximativement 1.4 milliard d’individus. Cepen-
dant, les e´volutions de la densite´ de population de ces deux pays sont diffe´rentes.
Bien que les deux courbes montrent une augmentation continue, celle de l’Inde at-
teint environ 367 hab. par km2 tandis que la Chine atteint 142 hab. par km2. Ce
constat illustre parfaitement, sur le territoire indien, l’importance de la pression an-
thropique sur les ressources et a fortiori sur les ressources en eaux.
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Figure 2.1 – Carte des 28 E´tats et 7 territoires de l’Inde, extraite et modifie´e de http:
//d-maps.com.
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Figure 2.2 – E´volution de la densite´ de population en Inde, en Chine et en France,
donne´es issues de United Nations (2013).
La re´volution verte en Inde a e´te´ mise en place au de´but des anne´es 70 afin
de faire face aux proble`mes alimentaires du pays. Dans le but d’atteindre l’auto-
suffisance alimentaire, l’Inde a largement encourage´ le de´veloppement de l’exploita-
tion de l’eau souterraine pour les besoins de l’agriculture, permettant e´galement le
de´veloppement de l’e´conomie agraire (Shah et al., 2003). Le tableau 2.1 pre´sente la
superficie moyenne des zones irrigue´es de certains pays comme l’Inde et la Chine
sur la pe´riode de 1990 a` 1997 (Foster et Chilton, 2003). La proportion de surface
irrigue´e pour l’Inde repre´sentait environ 15% du territoire. Sur la quantite´ d’eau
utilise´e pour l’irrigation, de l’ordre de 460 km3 par an, la part de l’eau souterraine
e´tait d’environ 53%.
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Tableau 2.1 – Besoin en eau de quelques nations pour l’agriculture, d’apre`s (Foster et
Chilton, 2003).
Pays Surface irrigue´e
Consommation pour
l’irrigation
Proportion de l’eau
souterraine
(km2) (km3 an−1) (%)
Inde 501 000 460 53
Chine 480 000 408 18
Pakistan 143 000 151 34
Iran 73 000 64 50
Mexique 54 000 61 27
Bangladesh 38 000 13 69
Argentine 16 000 19 25
Maroc 11 000 10 31
La figure 2.3 repre´sente la distribution des fractions des surfaces nettes cultive´es
par district de chaque grande cate´gorie de cultures comme le riz ainsi que la distri-
bution spatiale des pre´cipitations moyennes annuelles et leurs variabilite´s (Devineni
et al., 2013). A` partir de ces cartes, nous constatons que la re´partition de la ri-
ziculture est globalement fonction de la distribution des pre´cipitations moyennes
annuelles, a` l’exception de certains E´tats comme au Nord de l’Inde, l’Uttar Pra-
desh, l’Haryana et le Punjab ainsi qu’au Sud de l’Inde, l’Andhra Pradesh (cf. figure
2.1). Dans ce dernier E´tat, la culture du riz repre´sente actuellement 63% des sur-
faces irrigue´es (Palanisami et al., 2011). Dans ces re´gions conside´re´es principalement
comme arides et semi-arides (de Golbe´ry et Chappuis, 2012 ; Raju et al., 2013), le
de´veloppement de cette production pour re´pondre a` la demande croissante de la
population passait ne´cessairement par la mise a` contribution de l’eau souterraine
pour pallier le de´ficit en eau. La figure 2.4 illustre parfaitement cela en pre´sentant la
distribution des surfaces irrigue´es suivant deux types d’ouvrages utilise´s pour l’irri-
gation : les forages et les puits ouverts, aussi nomme´s  dug wells . Nous constatons
que le Nord ainsi qu’une partie du Sud de l’Inde ont principalement de´veloppe´ les
forages comme moyen d’irrigation. Un autre exemple en figure 2.5 illustre l’e´volution
du nombre de forages prive´s, utilise´s principalement pour l’agriculture, sur un bas-
sin versant d’environ 53 km2 dans l’E´tat de l’Andhra Pradesh (de Condappa, 2005).
L’e´volution du nombre de forages de 1975 a` 2002 sur ce bassin versant est exponen-
tielle. D’une manie`re ge´ne´rale, en Inde, le nombre de puits entre 1960 et 2000 est
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passe´ de 1 million a` 19 millions (Shah et al., 2003). En 2012, le nombre de forages
en Inde e´tait de l’ordre de 25 millions dont 2.9 millions en Andhra Pradesh, soit en
moyenne 11 forages par km2 (de Golbe´ry et Chappuis, 2012).
Figure 2.3 – (1) Distribution des fractions des surfaces cultive´es par district pour les
grandes cate´gories de cultures en Inde (2) Distribution spatiale (a) des pre´cipitations
moyennes annuelles et (b) leurs variabilite´s en Inde, modifie´e d’apre`s Devineni et al. (2013).
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Figure 2.4 – Distribution des surfaces irrigue´es selon le type d’ouvrage permettant
l’irrigation, soit les forages ou les puits ouverts, d’apre`s de Golbe´ry et Chappuis (2012).
Figure 2.5 – E´volution du nombre de forages prive´s sur le bassin versant de Maheshwa-
ram en Andhra Pradesh, d’apre`s de Condappa (2005).
42
Contexte de l’e´tude et pre´sentation du site expe´rimental
La surexploitation de la ressource en eau souterraine, depuis la re´volution verte,
a contribue´ a` la fois a` la diminution de la quantite´ d’eau disponible (Dewandel et al.,
2010 ; Ferrant et al., 2014 ; Mare´chal, 2010 ; Mare´chal et al., 2006 ; Perrin et al.,
2011a ; Reddy et al., 2009 ; Rodell et al., 2009 ; Shah et al., 2003) mais e´galement a`
la de´te´rioration de la qualite´ des eaux, en particulier via l’augmentation des concen-
trations en fluor (Ayoob et Gupta, 2006 ; Mondal et al., 2009 ; Perrin et al., 2011b
; Pettenati et al., 2013). Le Rajasthan, le Punjab, l’Haryana ainsi que Delhi font
partie des E´tats les plus touche´s par la diminution des stocks d’eau souterraine avec
une de´croissance moyenne des niveaux d’eau estime´e a` environ 4 cm an−1 ±1 (Rodell
et al., 2009). En Inde, il a e´te´ e´value´ qu’environ 68 km3 an−1 d’eau pre´leve´e sur le ter-
ritoire n’e´tait pas renouvele´e (Wada et al., 2012). Dans l’E´tat de l’Andhra Pradesh, la
diminution de la quantite´ d’eau disponible se traduit simplement par l’asse`chement
de certains puits ouverts. Ces puits e´taient auparavant creuse´s manuellement pour
atteindre l’eau souterraine. La plupart furent creuse´s dans la saprolite, certains jus-
qu’a` la teˆte du granite, et sont actuellement parfois fore´s pour rechercher l’eau plus
en profondeur. La figure 2.6 illustre un de ces puits en 1970, soit un peu avant la
surexploitation de la ressource en eau souterraine (To´th, 2013). Cette photographie
montre une nappe aﬄeurant quasiment a` la surface en fin de saison se`che, soit avant
la mousson, dans une zone de de´charge (To´th, 2013). Apre`s la mousson, les niveaux
pie´zome´triques e´taient tre`s proches de la surface sur l’ensemble du bassin versant
(To´th, 2013). Bien que certaines moussons exceptionnelles puissent recharger signi-
ficativement les nappes, de nombreux  dug wells  sont actuellement asse´che´s ou
pre´sentent des niveaux d’eau tre`s bas, fluctuant autour de la base de la saprolite, soit
ge´ne´ralement aux alentours de la quinzaine de me`tres (Dewandel et al., 2010). Cette
diminution de la quantite´ d’eau disponible n’est pas sans conse´quence sur l’activite´
agricole et e´conomique des communaute´s rurales, qui repre´sente environ 60% de la
population indienne (Aulong et al., 2012). Cela conduit par exemple a` l’augmenta-
tion du nombre de suicides des agriculteurs qui s’endettent conside´rablement pour la
mise en place de nouveaux puits d’exploitation de plus en plus profonds (Mare´chal,
2010).
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Figure 2.6 – Photographie d’un puits ouvert en Andhra Pradesh a` la fin de la saison
se`che en 1970, illustrant un niveau pie´zome´trique proche de la surface (environ 2 m) dans
une zone de de´charge. A` la fin de la saison des pluies, les niveaux pie´zome´triques e´taient
tre`s proches de la surface sur l’ensemble du bassin versant, d’apre`s To´th (2013).
La de´te´rioration de la qualite´ de l’eau souterraine en Inde du Sud se manifeste
notamment par la salinisation lie´e principalement aux transferts verticaux (Pauwels
et al., 2013 ; Perrin et al., 2011a) mais e´galement par l’augmentation des concen-
trations en fluor, responsable de l’intoxication des populations (Fawell et al., 2006
; Pettenati et al., 2013). La contamination de l’eau potable par le fluor conduit a`
une intoxication chronique des populations se traduisant, apre`s plusieurs anne´es de
consommation re´gulie`re, par la fluorose dentaire ou osseuse (Fawell et al., 2006). La
concentration de cet e´le´ment dans les eaux souterraines est d’autant plus impor-
tante dans les re´gions arides et semi-arides du fait de la forte e´vapotranspiration
(Amini et al., 2008b). La figure 2.7 pre´sente la carte mondiale du climat selon la
classification de Ko¨ppen-Geiger (Kottek et al., 2006) ainsi que la carte mondiale
de probabilite´ de rencontrer des taux de fluor supe´rieurs a` 1.5 mg l−1 (Amini et al.,
2008b), conside´re´ comme la limite acceptable pour la potabilite´ de l’eau (Fawell
et al., 2006). Nous constatons une forte corre´lation entre les re´gions arides et semi-
arides, comme le Nord de l’Afrique, l’Australie ou encore une partie de l’Asie, et la
probabilite´ de rencontrer des taux de fluor supe´rieurs 1.5 mg l−1. Parmi ces re´gions,
certains secteurs souffrent de fluorose ende´mique tels que le Moyen Orient, la Chine
ou encore l’Inde (Fawell et al., 2006).
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Figure 2.7 – Cartes mondiales : (a) du climat selon la classification de Ko¨ppen-Geiger
(Kottek et al., 2006) ; (b) de la probabilite´ de rencontrer un taux de fluor de plus de
1.5 mg l−1 dans l’eau souterraine (Amini et al., 2008b).
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Le fluor, d’origine ge´ologique, provient principalement en Inde du Sud de la disso-
lution de la fluorapatite, de l’allanite et de la biotite pre´sentes dans le socle cristallin
(Jacks et al., 2005 ; Pettenati et al., 2013). La figure 2.8 illustre le me´canisme de
formation permettant l’augmentation des concentrations en fluor dans cette re´gion
(Jacks et al., 2005). Le lessivage de certains mine´raux associe´ a` une e´vaporation
importante permet tout d’abord de pre´cipiter la calcite, re´duisant ainsi l’activite´
du calcium. Une se´rie de pre´cipite´s sont ensuite forme´s permettant l’augmenta-
tion des concentrations en magne´sium et en fluor. Ces diffe´rents processus peuvent
eˆtre acce´le´re´s lors d’une irrigation intensive permettant a` la fois d’augmenter les
taux d’e´vaporation ainsi que le lessivage des mine´raux par recirculation des eaux
pompe´es, aussi appele´e  return flow  (Perrin et al., 2011b ; Pettenati et al., 2013).
Ces processus de  return flow , principalement associe´s a` la riziculture du fait de
la mise en eau constante des parcelles cultive´es au-dessus d’une zone non sature´e,
permettent l’augmentation des concentration en fluor pouvant atteindre des taux
tre`s e´leve´s jusqu’a`, par exemple, 21 mg l−1 dans le district de Nalgonda en Andhra
Pradesh (Mondal et al., 2009).
Figure 2.8 – Me´canisme de formation de l’augmentation du fluor dans l’eau souterraine
au Sud de l’Inde. La figure illustre les changements hydro-chimiques et la pre´cipitation de
mine´raux secondaires des zones de recharge vers les zones de de´charge, d’apre`s Jacks et al.
(2005).
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Toutefois, il est important de noter que la contamination en fluor n’est malheu-
reusement pas unique et de nombreux autres contaminants sont a` signaler en Inde.
Nous pouvons citer l’exemple de l’arsenic qui est responsable de nombreux can-
cers (Cantor, 1997) dans la re´gion du Delta du Gange, incluant le Bangladesh et le
Bengale-Occidental (Inde du Nord) ou` les concentrations dans les eaux souterraines
exce`dent tre`s souvent les 10µg l−1 (Amini et al., 2008a). Dans cette re´gion, la pyrite
est pre´sente dans les roches se´dimentaires provenant de l’e´rosion des granites et des
roches me´tamorphiques de l’Himalaya (Harvey et al., 2006). L’exploitation intensive
de la ressource en eau souterraine me`nerait e´galement a` l’augmentation des concen-
trations en arsenic par des processus de lessivage mettant en cause l’oxydation des
sulfures, en particulier la pyrite (Harvey et al., 2006). Les sulfures sont oxyde´s sous
forme d’oxydes de fer et l’arsenic est transfe´re´ de la pyrite aux oxydes de fer. En
conditions anoxiques, qui co¨ıncideraient avec les pe´riodes de recharge par infiltration
d’eau depuis les rizie`res, les oxydes de fer seraient dissous et l’arsenic libe´re´ dans
le syste`me (Harvey et al., 2006). Une e´tude plus re´cente montre que la chlorite,
correspondant a` la premie`re phase d’alte´ration des biotites, pourrait aussi eˆtre une
source potentielle d’arsenic au Bangladesh en conditions re´ductrices (Masuda et al.,
2012). Notons que des concentrations e´leve´es en arsenic sont e´galement reporte´es en
Uttar Pradesh ou encore en Assam (Boisson et al., 2013a). D’autres contaminants,
ge´ne´ralement d’origine anthropique, tels que les me´taux lourds comme le chrome
ou le cuivre ont e´galement e´te´ recense´s en fortes concentrations dans les eaux sou-
terraines de 40 districts appartenant a` 13 E´tats de l’Inde dont l’Andhra Pradesh
(Boisson et al., 2013a). Ces fortes concentrations en me´taux lourds ont de meˆme e´te´
mesure´es dans les se´diments de fond de lacs ou de rivie`res d’Hyderabad, capitale de
l’Andhra Pradesh (Govil et al., 2012). Boisson et al. (2013a) fournissent une revue
de´taille´e des contaminants d’origine naturelle et anthropique rencontre´s en Inde.
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2.2 Spe´cificite´s de la re´gion de l’Andhra Pradesh
Dans cette partie, nous pre´senterons de manie`re ge´ne´rale le climat de la re´gion
de l’Andhra Pradesh, l’hydrologie re´gionale et les proprie´te´s hydroge´ologiques ren-
contre´es dans ces milieux cristallins alte´re´s et fracture´s.
2.2.1 Contexte climatique et hydrologique re´gional
L’E´tat de l’Andhra Pradesh est caracte´rise´ par un climat tropical semi-aride
avec une saison des pluies et une saison se`che. Deux moussons se succe`dent entre
les mois de juin et de novembre – de´cembre et contribuent a` environ 90 – 95% des
pre´cipitations annuelles. La premie`re mousson provient du Sud-Ouest et se produit
entre juin et septembre. La deuxie`me mousson en provenance du Nord-Est intervient
juste apre`s entre les mois de septembre et de novembre – de´cembre. Dans la re´gion
d’Hyderabad (capitale de l’Andhra Pradesh), la premie`re mousson constitue envi-
ron 80% des pre´cipitations totales, bien que cela puisse eˆtre variable d’une anne´e a`
l’autre. Les pre´cipitations moyennes annuelles dans l’E´tat de l’Andhra Pradesh sont
de l’ordre de 940 mm avec un apport de 624 mm par la premie`re mousson et de 224
mm par la deuxie`me (de Golbe´ry et Chappuis, 2012). Toutefois, la distribution spa-
tiale des pre´cipitations est tre`s he´te´roge`ne (Figure 2.9) et leur intensite´ tre`s variable
d’une anne´e a` l’autre. La figure 2.10 montre les pre´cipitations cumule´es journalie`res
depuis juin 2002 jusqu’a` juin 2014 obtenues graˆce a` une station me´te´orologique
situe´e au Nord-Ouest d’Hyderabad, a` Patancheru. Pour cette pe´riode, la valeur des
pre´cipitations moyennes annuelles est estime´e a` 888 mm dans ce secteur avec un
maximum de 1131 mm pour la mousson de 2010 et un minimum de 545 mm en
2011.
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Figure 2.9 – (a) Carte du climat en Inde et (b) carte des pre´cipitations moyennes
annuelles dans l’E´tat de l’Andhra Pradesh, d’apre`s de Golbe´ry et Chappuis (2012).
Figure 2.10 – Pre´cipitation journalie`re entre le 1er juin 2002 et 2014. Donne´es issues de
la station me´te´orologique de Patancheru au Nord-Ouest d’Hyderabad - ICRISAT.
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Toujours a` partir des donne´es de la station me´te´orologique de Patancheru, durant
l’hiver, les tempe´ratures peuvent descendre jusqu’a` 8 – 10 au mois de de´cembre
(Figure 2.11). En e´te´, le pic de tempe´rature peut facilement atteindre 43 au mois de
mai. La tempe´rature moyenne annuelle avoisine les 28 (Figure 2.11). L’e´vapotran-
spiration annuelle de re´fe´rence ET0 est estime´e entre 1500 et 1750 mm pour ce
secteur (de Condappa, 2005 ; Raju et al., 2013). A` partir de cette valeur, nous
pouvons estimer l’index d’aridite´ propose´ par l’UNESCO (1979) et de´fini comme
e´tant le rapport entre les pre´cipitations moyennes annuelles et l’e´vapotranspiration
de re´fe´rence. En utilisant les valeurs fournies ci-dessus, l’index d’aridite´ se situe entre
0.5 et 0.57, ce qui classe le secteur sous un climat sec et subhumide. Cette estimation
est toutefois en contradiction avec ce qui est habituellement admis dans la re´gion
puisque tous les observateurs classent l’Andhra Pradesh sous un climat semi-aride
(Figure 2.9). Nous pouvons donc attribuer cette diffe´rence a` une observation limite´e
spatialement, et en particulier dans une zone situe´e au Nord de la re´gion, be´ne´ficiant
d’un apport en pre´cipitation plus important (Figure 2.9). En effet, ce meˆme calcul,
re´alise´ sur des donne´es provenant d’une station me´te´orologique localise´e a` Choutup-
pal et sur la pe´riode de 2008 a` 2013, fournit des valeurs comprises entre 0.38 et 0.43,
correspondant bien a` un climat semi-aride.
Figure 2.11 – Tempe´ratures maximums et minimums releve´es entre 2002 et 2014.
Donne´es issues de la station me´te´orologique de Patancheru au Nord-Ouest d’Hyderabad
– ICRISAT.
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La figure 2.12 illustre le relief et le re´seau hydrographique de l’Inde ainsi que ceux
de l’Andhra Pradesh (de Golbe´ry et Chappuis, 2012). Le Nord-Ouest de la re´gion
couvre une partie du plateau du Deccan avec une altitude moyenne d’environ 600
m. L’E´tat de l’Andhra Pradesh est caracte´rise´ par une pente douce depuis la partie
Ouest jusqu’au Golfe du Bengale. Trois grands bassins versants drainent l’essentiel
de la re´gion avec, dans la partie supe´rieure, le bassin versant de Godavari, dans la
partie interme´diaire, celui de Krishna et dans la partie infe´rieure, celui de Pennar.
Le re´seau hydrographique illustre´ sur cette carte semble assez dense bien qu’une
partie de celui-ci ne soit plus pe´renne. Les petits bassins versant fonctionnent sou-
vent de manie`re endore´ique. Notons e´galement que la qualite´ d’une grande majorite´
des cours d’eau est fortement de´grade´e.
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Figure 2.12 – (a) Carte physiologique de l’Inde avec (b) un zoom sur la re´gion
de l’Andhra Pradesh ou` les principaux bassins versants et sous-bassins versants sont
repre´sente´s, d’apre`s de Golbe´ry et Chappuis (2012).
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2.2.2 Contexte ge´ologique et hydroge´ologique re´gional
L’E´tat de l’Andhra Pradesh est globalement caracte´rise´ par un complexe gneis-
sique et granitique datant de l’Arche´en aﬄeurant sur les deux tiers de la surface
(Figure 2.13). D’un point de vue ge´omorphologique, la re´gion d’Hyderabad pre´sente
une topographie le´ge`rement bossele´e avec des collines, des accumulations de chaos
granitiques (boulders), de creˆtes ou encore d’inselbergs (G.S.I., 1999, 2005). Ce com-
plexe granitique est principalement caracte´rise´ par de la fracturation en ouverture
(mode 1) avec des joints d’exfoliation visibles sur les inselbergs ou encore au niveau
des chaos granitiques (Dewandel et al., 2006 ; Mare´chal et al., 2004).
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Upper Primary Deposits
Basalts (Deccan Traps)
Consolidated sediments
500 km
Pre-Cambrian Metasediments
Archean Granite and 
Gneissic Complex
Hyderabad
Hyderabad
ANDHRA PRADESH STATE
N
a)
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Main geological 
province
Maheshwaram
Figure 2.13 – Cartes ge´ologiques simplifie´es de l’Inde et de la re´gion de l’Andhra Pra-
desh, modifie´es d’apre`s G.S.I. (1999, 2005) et de http://d-maps.com.
Un profil d’alte´ration, de´veloppe´ in situ, pre´sente deux horizons principaux. Le
premier situe´ juste au-dessus de la roche me`re fracture´e, appele´ saprolite, se ca-
racte´rise par une couleur rougeaˆtre a` jaunaˆtre, une texture grossie`re et des mine´raux
(quartz, feldspaths et micas) tre`s alte´re´s (Dewandel et al., 2006) (Figure 2.14). Des
argiles peuvent e´galement eˆtre pre´sentes en particulier dans la partie supe´rieure de
cet horizon. La saprolite se caracte´rise e´galement par une structure lamine´e, de´bitant
de la roche en feuillet. Son e´paisseur est ge´ne´ralement comprise entre 10 et 15 m
mais peut eˆtre tre`s variable spatialement (Dewandel et al., 2006) (Figure 2.14). Des
morceaux moins alte´re´s de la roche me`re peuvent eˆtre pre´sents au sein de la sa-
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prolite. Ces morceaux de granite plutoˆt ronds re´sultent certainement de l’alte´ration
sphe´ro¨ıdale (Buss et al., 2008 ; Fletcher et al., 2006). Des fractures pre´serve´es sont
e´galement pre´sentes au sein de la saprolite et permettent d’accroˆıtre localement la
transmissivite´ du milieu (Dewandel et al., 2006 ; Perrin et al., 2011a). D’une manie`re
ge´ne´rale, la conductivite´ hydraulique moyenne de la saprolite a e´te´ estime´e a` envi-
ron 5× 10−6 m s−1 (Dewandel et al., 2006). Le deuxie`me horizon est situe´ dans la
partie supe´rieure du profil d’alte´ration et correspond a` la saprolite non consolide´e
(Dewandel et al., 2006). Cet horizon, de couleur jaunaˆtre a` brunaˆtre, est constitue´
majoritairement de quartz alte´re´ mais e´galement de mine´raux argileux (Dewandel
et al., 2006). Sa texture est sableuse et son e´paisseur varie de 2 a` 3 m (de Condappa,
2005 ; Dewandel et al., 2006). Sa conductivite´ hydraulique moyenne, obtenue via des
tests d’infiltration, fut estime´e a` environ 5× 10−5 m s−1 (de Condappa, 2005). Une
coupe ge´ologique pre´sente´e en figure 2.15 re´capitule l’ensemble de ces informations
d’un point de vue ge´ologique et ge´omorphologique.
Figure 2.14 – Profil typique d’alte´ration observe´ sur le bassin versant de Maheshwaram
en Andhra Pradesh, d’apre`s Dewandel et al. (2006).
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Figure 2.15 – Coupe ge´ologique sche´matique de la re´gion d’Hyderabad, d’apre`s Dewan-
del et al. (2006).
Ce complexe granitique peut eˆtre localement recoupe´ par des intrusions de dykes
de dole´rite ou encore de veines de quartz (Dewandel et al., 2011 ; G.S.I., 1999, 2005 ;
Perrin et al., 2011a). Ces intrusions vont alors jouer un roˆle important dans l’hydro-
dynamique de ces milieux he´te´roge`nes, en particulier en limitant les e´coulements,
compartimentant ainsi le syste`me (Dewandel et al., 2011 ; Perrin et al., 2011a).
Une diminution de la densite´ de fractures productives dans le granite a e´te´ mise
en e´vidence sugge´rant une zone hydrauliquement active sur les 15 a` 20 premiers
me`tres du granite, appele´e zone fissure´e (Dewandel et al., 2006 ; Mare´chal et al.,
2004) (Figure 2.16). Plus particulie`rement, au niveau du contact entre la saprolite
et le granite, une zone de transition pre´senterait un nombre plus e´leve´ de fractures
productives (Dewandel et al., 2006) (cf. figure 1.23). D’une manie`re ge´ne´rale, la
conductivite´ hydraulique e´quivalente varie sur plusieurs ordres de grandeur mais
se situe principalement entre 10−4 et 10−6 m s−1 avec une anisotropie verticale de
l’ordre de Kr/Kz = 10 (Mare´chal et al., 2003, 2004) (Figure 2.16). D’un point de
vue hydrodynamique, un comportement double porosite´ a e´te´ observe´ (Dewandel
et al., 2011 ; Mare´chal et al., 2004) sugge´rant un re´seau de fractures primaires –
PFN – moins de´veloppe´ d’une perme´abilite´ de l’ordre de 10−8 m s−1 recoupe´ par un
re´seau de fractures secondaires – SFN – plus transmissif et dont la contribution a` la
porosite´ globale est plus faible (Mare´chal et al., 2004) (Figure 2.16).
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Figure 2.16 – Mode`le conceptuel hydroge´ologique des aquife`res de socle en contexte
semi-aride, d’apre`s Mare´chal et al. (2004).
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2.3 Site Expe´rimental Hydroge´ologique de
Choutuppal
2.3.1 Introduction
Le site expe´rimental de Choutuppal a e´te´ de´veloppe´ en partenariat entre le Bu-
reau de Recherches Ge´ologiques et Minie`res (BRGM, France) et le  National Geo-
physical Research Institute  (NGRI, Inde) dans le cadre du Centre Franco-Indien
de Recherche sur les Eaux Souterraines (CEFIRES ou IFCGR pour Indo-French
Center for Groundwater Research), laboratoire conjoint mis en place en 1999. Initie´
en 2008, ce site fut inte´gre´ au Syste`me d’Observation et d’Expe´rimentation pour
la Recherche en Environnement H+ en 2011. Dans la suite de ce manuscrit, il sera
aussi de´signe´ par l’acronyme  EHP  pour  Experimental Hydrogeological Park .
Ce site s’inscrit dans la continuite´ des travaux re´alise´s au CEFIRES, principale-
ment sur le bassin versant de Maheshwaram situe´ dans le district de Ranga Reddy,
a` environ 35 km au Sud d’Hyderabad, capitale de l’Andhra Pradesh. Ces e´tudes ont
principalement porte´ sur les aspects hydrodynamiques et de gestion de l’eau souter-
raine en Inde (Dewandel et al., 2006, 2011, 2012, 2010 ; Mare´chal et al., 2003, 2006,
2004), sur la chimie des eaux (Negrel et al., 2011 ; Perrin et al., 2011b ; Pettenati
et al., 2013 ; Purushotham et al., 2011 ; Sreedevi et al., 2006), ou encore sur la
structure des sols (de Condappa, 2005).
Les objectifs premiers du site expe´rimental sont d’e´tudier les processus hydro-
logiques souterrains – e´coulement et transport – des roches cristallines alte´re´es et
fracture´es a` l’e´chelle locale et dans un contexte semi-aride. Toutefois, ses particula-
rite´s telles que le climat de la re´gion, sa lithologie, son instrumentation ou encore
l’acce`s facilite´ aux profils d’alte´ration via les puits ouverts en font e´galement un
site inte´ressant pour les questions relatives a` la compre´hension des zones critiques
comme les processus d’alte´ration des roches cristallines ou bien les bilans de matie`res
sur diffe´rentes e´chelles de temps (Anderson et al., 2007 ; Brantley et al., 2007 ; Na-
tional Research Council, 2001). Sur le plateau du Karnataka (Karnataka, Inde du
Sud), un autre site expe´rimental fut mis en place sur le bassin versant de Mule Hole.
Les travaux mene´s sur ce bassin sont principalement tourne´s vers l’e´tude du profil
d’alte´ration de´veloppe´ sur un complexe gneissique (Barbie´ro et al., 2007 ; Braun
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et al., 2009 ; Violette et al., 2010) ainsi que sur les bilans d’eaux (Ruiz et al., 2010)
ou encore les processus de recharge dans un contexte de foreˆt tropicale subhumide
(Mare´chal et al., 2009). Le site expe´rimental de Choutuppal, venant comple´ter le
site de Maheshwaram par son e´chelle locale, pourrait e´galement eˆtre comple´mentaire
des autres observatoires en lien avec l’e´tude des profils d’alte´ration comme celui de
Mule Hole. Une densite´ importante de forages permettant une compre´hension locale
des processus hydrologiques souterrains pourrait pre´senter un inte´reˆt majeur pour
l’e´tude de ces profils d’alte´ration.
2.3.2 Pre´sentation ge´ne´rale
Le site expe´rimental est situe´ a` proximite´ du village de Choutuppal, a` environ 60
km d’Hyderabad, dans le district de Nalgonda (mandal de Choutuppal), en Andhra
Pradesh. Il est localise´ sur un terrain d’environ 0.4 km2, appartenant au NGRI, ou`
d’autres observatoires ont e´galement e´te´ mis en place (Akkiraju et Roy, 2011) (Lati-
tude : 17°17′47′′N ; Longitude : 78°55′12′′E) (Figure 2.17). Ce terrain d’une e´le´vation
moyenne de 365.5 m au-dessus du niveau de la mer est relativement plat. Au droit du
site expe´rimental, la topographie se caracte´rise par une le´ge`re pente d’environ 2% in-
cline´e vers le nord-est. Cette friche enherbe´e pre´sente une ve´ge´tation assez parseme´e,
majoritairement constitue´e d’arbres type palmier et d’arbustes. De nombreuses ex-
ploitations agricoles sont pre´sentes autour du terrain appartenant au NGRI, culti-
vant principalement du riz bien que cette culture soit fortement de´pendante des
conditions hydrologiques. En fonction de la quantite´ d’eau disponible, les agricul-
teurs adaptent les types de cultures et peuvent par exemple passer au coton lorsque
les niveaux d’eau sont trop bas, re´duisant ainsi les pre´le`vements sur les puits. Un
nombre conse´quent de forages d’exploitation, de l’ordre de la centaine, ont e´te´ fore´s
sur ce petit bassin versant d’environ 3.35 km2. Ces puits servent a` la fois a` l’irri-
gation et a` l’eau potable des villages alentours. L’inte´gralite´ de l’eau utilise´e pour
l’irrigation provient de l’eau souterraine et son pre´le`vement, d’une dure´e d’environ
sept heures par jour, est rythme´ par l’apport d’e´lectricite´ triphase´e servant a` l’ali-
mentation des pompes. Les de´bits de pompage sont tre`s variables, caracte´ristique de
l’he´te´roge´ne´ite´ du milieu, et sont compris entre 1 et environ 30 m3 h−1 (Pira, 2009).
Notons que les de´bits sont souvent discontinus sugge´rant le de´noyage des premie`res
arrive´es d’eau.
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Figure 2.17 – Localisation des ouvrages du site expe´rimental installe´ sur le terrain du
NGRI. L’image satellite est extraite de Google Earth.
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2.3.3 Implantation des ouvrages
Un nombre de 28 forages destructifs compose le site expe´rimental de Chou-
tuppal (Figure 2.17). Excepte´ deux d’entre eux (CH1 et CH2), les ouvrages sont
dispose´s sur une surface d’environ 2 hectares. Plusieurs campagnes de foration, 8
au total, ont permis la mise en place du site entre 2008 et 2012. L’implantation
des puits e´tait initialement pre´vue en  five-spot . Ce dispositif spe´cifique provient
de l’exploitation pe´trolie`re et correspond a` un carre´ compose´ d’un puits central de
production et quatre puits aux extre´mite´s ou` un fluide est injecte´ (par exemple
de l’eau) afin de faciliter l’extraction du pe´trole. Cette configuration a notamment
e´te´ adopte´e sur le site expe´rimental karstique de Poitiers (SEH) afin d’aboutir a`
une analyse fine des proprie´te´s du milieu (Bernard, 2005). Bien que ce dispositif
ait e´te´ pre´alablement choisi sur le site de Choutuppal, l’implantation des ouvrages
fut re´alise´e en fonction des re´sultats obtenus au fur et a` mesure de l’investigation.
En effet, le suivi pie´zome´trique mis en place sur les premiers forages (CH1 a` CH9)
a re´ve´le´ que, contrairement aux autres ouvrages, les puits CH4, CH6 et CH9 sont
tre`s impacte´s par les pompages journaliers d’un puits agricole situe´ a` environ 200
m (Viossanges, 2010). Dans le but de caracte´riser les proprie´te´s des diffe´rentes com-
posantes du syste`me, c’est-a` dire la saprolite et la roche fracture´e, les puits ont e´te´
fore´s a` diffe´rentes profondeurs recoupant ainsi la roche alte´re´e et le complexe grani-
tique. Six puits ont e´te´ fore´s dans la saprolite a` diffe´rentes profondeurs allant de 4 m
jusqu’a` 16.5 m (CH3-L, CH10-L, CH21, CH22, CH23 et CH24) (Tableau 2.2). Deux
forages s’arreˆtent dans les premiers huit me`tres apre`s avoir intersecte´ le contact entre
la saprolite et le granite (CH3-S et CH10-S). Certains puits ont e´te´ fore´s jusqu’a` 70
m de profondeur environ mais la plupart d’entre eux s’arreˆtent approximativement
a` 50 m de profondeur (Tableau 2.2). Tous les puits ont e´te´ e´quipe´s d’un tubage PVC
dans la saprolite mais restent non tube´s dans le granite (Figure 2.18). Les tubages
peuvent eˆtre cre´pine´s ou non dans la partie infe´rieure de la saprolite ainsi qu’au
niveau du contact saprolite – granite. Bien que la pie´zome´trie ait e´te´ releve´e de`s la
re´alisation des premiers ouvrages, le suivi continu du site a e´te´ mis en place, une fois
la majorite´ des forages re´alise´s, soit a` partir de la fin de l’anne´e 2010. L’ensemble
des profils ge´ologiques, des coupes techniques et des profils multiparame`tres sont
fournis en annexe A.
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Tableau 2.2 – Localisation et caracte´ristiques techniques des forages implante´s sur le site
expe´rimental de Choutuppal. La localisation des ouvrages est fournie dans le syste`me de
coordonne´es projete´es UTM.
Name of
borehole
X Y Elevation
Borehole
depth
Casing
depth
Estimated
saprolite’s
thickness
(m) (m) (m amsl) (m bgs) (m bgs) (m)
CH1 279075.05 1913316.12 365.69 73.20 23.90 24.00
CH2 279120.68 1913296.32 366.31 73.20 18.75 19.00
CH3 278906.31 1913534.27 365.63 50.30 14.20 14.70
CH3-L 278904.34 1913535.85 365.69 14.70 14.70 14.50
CH3-S 278906.66 1913536.81 365.58 22.80 14.60 14.70
CH4 278787.66 1913518.59 367.45 73.20 15.70 14.45
CH5 278846.82 1913527.63 366.66 73.20 17.30 16.45
CH6 278817.45 1913523.11 366.96 73.20 17.25 17.35
CH7 278909.21 1913502.31 365.11 61.00 15.90 14.10
CH8 278876.59 1913531.05 366.11 61.00 17.30 18.00
CH9 278793.33 1913488.97 367.87 73.10 13.70 13.00
CH10 278935.78 1913537.14 364.97 70.00 18.00 17.00
CH10-L 278935.11 1913539.79 364.82 16.50 16.50 16.50
CH10-S 278937.64 1913539.51 364.79 22.80 16.70 16.00
CH11 278904.75 1913564.44 365.70 56.40 21.00 19.50
CH12 278911.70 1913536.59 365.57 56.40 15.00 14.80
CH13 278899.41 1913538.17 365.82 51.85 16.00 16.00
CH14 278924.14 1913535.76 365.24 56.40 18.30 17.90
CH15 278949.36 1913522.31 364.60 56.40 18.30 17.90
CH16 278956.63 1913558.42 364.61 56.40 17.30 15.20
CH17 278984.66 1913545.60 364.11 50.30 15.50 14.70
CH18 278914.12 1913576.32 365.57 50.30 19.80 21.35
CH19 278925.00 1913590.53 365.31 45.70 16.70 22.85
CH20 278903.75 1913582.33 365.42 54.85 23.00 22.85
CH21 278870.10 1913570.95 365.96 12.95 10.95 -
CH22 278860.12 1913573.08 365.95 7.70 5.80 -
CH23 278859.24 1913563.11 366.06 11.20 9.05 -
CH24 278868.41 1913562.03 366.08 4.30 2.15 -
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Figure 2.18 – Exemple de coupes techniques de forages re´alise´s sur le site expe´rimental de Choutuppal (CH10-L, CH10-S et CH10).
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2.3.4 Contexte ge´ologique local
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Figure 2.19 – Carte ge´ologique simplifie´e de la re´gion de l’Andhra Pradesh avec un
zoom sur la carte du district de Nalgonda, modifie´e d’apre`s G.S.I. (1999, 2005).
A` proximite´ du site expe´rimental, le complexe granitique peut eˆtre recoupe´ par
des dykes ou des veines de quartz (Figure 2.19). En comple´ment des forages des-
tructifs re´alise´s, plusieurs panneaux de tomographie e´lectrique ont e´te´ obtenus via
la configuration Wenner – Schlumberger afin de de´terminer la pre´sence de ces dis-
continuite´s majeures au droit du site. Deux d’entre eux, recoupant les forages, sont
pre´sente´s en figure 2.20. Ces profils de re´sistivite´ font 450 m de longueur et ont
e´te´ oriente´s dans les directions Ouest – Est et Sud – Nord. Ils pre´sentent une aug-
mentation de la re´sistivite´ e´lectrique avec la profondeur, suivant plus ou moins le
profil d’alte´ration. Les faibles re´sistivite´s (< 500 Ω m) correspondent globalement a`
la saprolite alors que les fortes re´sistivite´s (> 500 Ω m) correspondent au granite. La
profondeur de la saprolite estime´e a` partir des informations obtenues en forage est
illustre´e sur les panneaux en pointille´, permettant ainsi de comparer ces deux types
d’information. L’estimation de la limite entre la saprolite et le granite via les pan-
neaux e´lectriques semble en accord avec les observations de forages ainsi que celles
re´alise´es sur le site de Mule Hole (Plateau du Karnataka, Inde du Sud), ou` la limite
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de re´sistivite´ entre la saprolite et le gneiss a e´te´ fixe´e a` 400 Ω m (Braun et al., 2009 ;
Chaudhuri et al., 2013). Ces panneaux ge´ophysiques couple´s aux profils ge´ologiques
illustrent e´galement la variabilite´ de l’e´paisseur de la saprolite d’un point a` un autre.
Une carte issue de l’interpolation par krigeage de l’e´paisseur de la saprolite obtenue
en foration est pre´sente´e en figure 2.21, et illustre aussi cette variabilite´. Toutefois,
l’ensemble de ces informations ne re´ve`lent pas de discontinuite´s majeures telles que
des intrusions de dykes de dole´rite ou de veines de quartz me´triques.
Granite
Granite
Granite boulders
Saprolite
Saprolite
a)
b)
Figure 2.20 – Profils de tomographie de re´sistivite´ e´lectrique obtenus dans les directions
Ouest-Est et Sud-Nord et recoupant les forages du site expe´rimental, modifie´ de Chandra
et al. (2008) (communication interne).
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Figure 2.21 – Carte d’e´paisseur de saprolite au droit du site expe´rimental, dans le
syste`me de coordonne´es projete´es UTM, obtenue par l’interpolation (krigeage) des donne´es
des forages.
Les aﬄeurements pre´sents sur le bassin versant du site expe´rimental de Chou-
tuppal peuvent repre´senter la remonte´e de l’interface saprolite – granite ou bien la
pre´sence de boulders au sein de la saprolite. Ces aﬄeurements sont disperse´s sur le
bassin versant et leur nombre important sugge`re e´galement une forte variabilite´ de
l’e´paisseur de la saprolite. D’une manie`re ge´ne´rale, le nombre de fractures pre´sentes
aux aﬄeurements est tre`s faible, et ces dernie`res semblent eˆtre principalement des
joints sub-verticaux, sans de´placement apparent autre qu’une le´ge`re ouverture. Cer-
tains aﬄeurements pre´sentent e´galement des fractures le´ge`rement incurve´es sur le
plan horizontal, comme l’illustre la figure 2.22. Ces joints d’exfoliation sont aussi
visibles sur certains inselbergs pre´sents dans le district de Nalgonda. Le releve´ des
fractures sub-verticales aux aﬄeurements sugge`re globalement trois orientations de
fractures (Figure 2.23) soit : N55 – 75, N130 – 155 et N165 – 175 (Pira, 2009). Ces
orientations semblent cohe´rentes avec les orientations de certaines discontinuite´s
ge´ologiques type dyke illustre´es sur figure 2.19.
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Figure 2.22 – Photographie d’un joint le´ge`rement incurve´ pre´sent sur le site expe´rimental
de Choutuppal. Le marteau donne l’e´chelle.
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Figure 2.23 – Rosace de fracturation (orientation – fre´quence) obtenue sur le bassin
versant de Choutuppal, modifie´e d’apre`s Pira (2009).
Tous les forages re´alise´s sur le site expe´rimental suivent la lithologie de´crite par
Dewandel et al. (2006). Le profil ge´ologique type (Figure 2.24), de la partie supe´rieure
a` la partie infe´rieure, consiste en : (1) un sol rouge sur le premier me`tre : riche en
oxyde de fer et aluminium ; (2) une saprolite supe´rieure non consolide´e (ou  sandy
regolith ) de 1 a` 3 m de profondeur. Cet horizon de couleur rougeaˆtre a` jaunaˆtre,
pre´sente une texture sableuse et une composition argilo-sableuse majoritairement
constitue´e de quartz ; (3) une saprolite infe´rieure de 3 a` 13 – 24 m de profondeur
pre´sentant des fractures pre´serve´es. Cet horizon de couleur jaunaˆtre a` brunaˆtre
montre des mine´raux tre`s alte´re´s issus du granite (principalement quartz, feldspaths
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et mica). Sa texture est grossie`re et sa structure lamine´e (ou feuillete´e) ; (4) un
granite principalement constitue´ de quartz, de feldspaths potassiques et de biotite.
Les feldspaths contenus dans le granite sont majoritairement de couleur blanchaˆtre
mais peuvent pre´senter quelques variantes, du rose paˆle au vert paˆle, ge´ne´re´es par
des impurete´s dans les mine´raux. Chlorite et oxydes de fer (sugge´re´ par des traces
de rouille) peuvent e´galement eˆtre pre´sents mais leur identification ne´cessiterait une
analyse approfondie en lame mince. L’inspection te´le´vise´e re´alise´e dans certains fo-
rages (CH3, CH10, CH11, CH12, CH13) montre que la partie supe´rieure du granite
semble eˆtre tre`s alte´re´e et fracture´e. Certaines fractures peuvent eˆtre clairement
identifie´es sur ces vide´os de forage (Figure 2.24).
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Figure 2.24 – Profil ge´ologique type obtenu sur le forage CH3.
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2.3.5 Conclusions
Hormis d’eˆtre unique en Inde et a priori unique a` cette e´chelle sous un climat
semi-aride, le site expe´rimental de Choutuppal pre´sente plusieurs avantages non
ne´gligeables dans un contexte de surexploitation de la ressource en eau souterraine.
Hormis certains forages, c’est-a`-dire CH4, CH6 et CH9, ce site n’est pas directement
influence´ par les pompages fermiers journaliers (Viossanges, 2010). Par conse´quent,
il est tre`s adapte´ au suivi pie´zome´trique et a` la mesure des variations journalie`res na-
turelles telles que les mare´es terrestres (Mare´chal et al., 2002) ou encore a` la mise en
place d’expe´riences scientifiques. Le re´seau dense de forages d’observation facilite les
expe´rimentations in situ puisqu’elles peuvent eˆtre mieux contraintes dans l’espace et
dans le temps. Les expe´riences scientifiques peuvent ainsi eˆtre mene´es a` diffe´rentes
e´chelles d’observation comme celles du puits ou du re´servoir et pour des dure´es
importantes. La compre´hension locale des processus hydrologiques – e´coulement et
transport – est donc facilite´e a` la fois par les effets diminue´s des pompages fermiers
mais e´galement par la densite´ importante de forages. En outre, du point de vue
climatique et ge´ologique, ce site est e´galement repre´sentatif de ce que l’on pour-
rait rencontrer ailleurs dans le monde, comme en Afrique, ou` le de´veloppement
e´conomique va accroˆıtre la pression sur la ressource en eau.
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Structure des e´coulements et
proprie´te´s hydrodynamiques
3.1 Introduction
La premie`re partie de ce chapitre a pour objectif d’identifier les principales struc-
tures perme´ables et leurs distributions spatiales. La deuxie`me partie sera consacre´e
a` l’e´volution des proprie´te´s hydrodynamiques selon la profondeur, incluant la roche
alte´re´e et le complexe granitique fracture´. Afin d’aboutir a` cette caracte´risation
hydrodynamique, plusieurs me´thodes hydrauliques ont e´te´ mises en place (essais de
pompage, chocs hydrauliques, tests avec obturateurs et tests d’injection dans la zone
non sature´e) sous deux conditions hydrologiques permettant ainsi de comparer les
comportements et les re´sultats. Toutes les me´thodes utilise´es ici sont relativement
classiques en hydroge´ologie et par conse´quent, leurs principes ne seront pas rappele´s
mais tous les de´tails seront fournis dans les articles qui suivent. Toutefois, l’analyse
des essais de pompage et le mode`le semi-analytique de Butler (1988) utilise´ pour
l’interpre´tation des tests sont rappele´s en annexe B.
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3.2 Article : Groundwater flows in weathered
crystalline rocks : Impact of piezometric
variations and depth-dependent fracture
connectivity (Guihe´neuf et al., Journal of
Hydrology, 2014)
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Groundwater flows in weathered
crystalline rocks: impact of piezometric
variations and depth-dependent fracture
connectivity∗
N. Guihe´neufa,b, A. Boissona, O. Bourb, B. Dewandelc, J. Perrina, A.
Daussea, M. Viossangesa, S. Chandrad, S. Ahmedd and J.C.
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Abstract
Groundwater in shallow weathered and fractured crystalline rock aquifers
is often the only perennial water resource, especially in semi-arid region such
as Southern India. Understanding groundwater flows in such a context is of
prime importance for sustainable aquifer management. Here, we describe a
detailed study of fracture properties and relate the hydraulic connectivity of
fractures to groundwater flows at local and watershed scales. Investigations
were carried out at a dedicated Experimental Hydrogeological Park in Andhra
Pradesh (Southern India) where a large network of observation boreholes has
been set up. Twenty-eight boreholes have been drilled in a small area of
about 18 000 m2 in which borehole loggings and hydraulic tests were car-
ried out to locate the main flowing fractured zones and investigate fractures
connectivity. Several hydraulic tests (nineteen slug tests and three pumping
tests) performed under two water level conditions revealed contrasting behav-
ior. Under high water level conditions, the interface including the bottom
of the saprolite and the first flowing fractured zone in the upper part of the
granite controls groundwater flows at the watershed-scale. Under low water
level conditions, the aquifer is characterized by lateral compartmentalization
due to a decrease in the number of flowing fractures with depth. Depend-
ing on the water level conditions, the aquifer shifts from a watershed flow
system to independent local flow systems. A conceptual groundwater flow
model, which includes depth-dependent fracture connectivity, is proposed to
illustrate this contrasting hydrological behavior. Implications for watershed
hydrology, groundwater chemistry and aquifer vulnerability are also discussed.
Keywords: fractures connectivity; groundwater flow; sustainable ground-
water resources; hard rock; semi-arid region; vulnerability
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1 Introduction
Groundwater in weathered and fractured crystalline aquifers constitutes the only
available water resource in many areas, especially in arid and semi-arid regions
(Gustafson and Kra´sny´, 1994). In Southern India, since the Green Revolution of the
70’s, the overexploitation of groundwater resources for agriculture, particularly to
irrigate rice crops, has led to water table depletion (Dewandel et al., 2010; Mare´chal,
2010; Mare´chal et al., 2006; Perrin et al., 2011a; Reddy et al., 2009; Shah et al., 2003),
and the deterioration of groundwater quality, especially fluoride contamination (Ay-
oob and Gupta, 2006; Perrin et al., 2011b; Pettenati et al., 2013). Understanding
groundwater flows and transport processes in such a context is therefore of prime
importance to reach a sustainable management of groundwater resources.
Fractured crystalline aquifers composed mainly of metamorphic and igneous
rocks are subject to weathering processes, especially chemical weathering that leads
to a typical profile with variable hydraulic conductivity and porosity (Acworth, 1987;
Anand and Paine, 2002; Dewandel et al., 2006; Foster, 1984; Houston and Lewis,
1988; Jones, 1985; Larsson, 1984; Wright, 1992 ). Several studies have focused on
the hydraulic properties of such systems and hydrogeological conceptual models
have been proposed that include from top to bottom: weathered rock including the
saprolite, fractured rock and fresh or un-fractured rock (Banks et al., 2009; Chilton
and Foster, 1995; Dewandel et al., 2006; Larsson, 1984; Mare´chal et al., 2004; Taylor
and Howard, 2000; Wyns et al., 2004). Groundwater flow in such media is localized
in a small part of the rock volume and is mainly controlled by fracture connectivity
(Day-Lewis et al., 2000; Le Borgne et al., 2006; National Research Council, 1996;
Paillet, 1998). Connectivity is dependent on the geometrical properties of the frac-
ture network, i.e. the distribution of fracture lengths, fracture orientations as well
as fracture density (Bour and Davy, 1998; de Dreuzy et al., 2001). Unfortunately,
these geometrical properties are often difficult to estimate in the field, especially on
a large-scale, since large amounts of data are required (National Research Council,
1996). An alternative approach consists of using a continuum approach (Courtois
et al., 2010; Dewandel et al., 2012) to simplify these complex systems and upscale
the hydraulic parameters. However, such continuum approaches usually assume that
the system is relatively well-connected, at least on a large enough scale, to allow the
point to point measurements of hydraulic properties to be regionalized.
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In a relatively stable tectonic context like Southern India, fractures are mainly di-
lating fractures or joints (mode 1 opening-mode) (National Research Council, 1996)
which in general provide permeability for groundwater flow. Near horizontal dilat-
ing fractures at shallow depths are commonly known as sheeting joints or exfolia-
tion joints in intrusive igneous rocks such as granite (Bahat et al., 1999; Dale, 1923;
Twidale, 1973). One particularity of these fractures is their development parallel to
the surface of the plutonic body. From a structural point of view, it is generally ac-
knowledged that fracture frequency decreases with depth in the first hundred meters
below ground surface (Dale, 1923; Twidale, 1973). Several authors (Briz-Kishore,
1993; Dewandel et al., 2006; Howard et al., 1992) reported that the main flowing
fractured zone is located in the upper part of the bedrock, just below the sapro-
lite. Since fracture density is expected to decrease with depth (Dewandel et al.,
2006; Mare´chal et al., 2004), fracture connectivity should play an important role in
groundwater flow, and may control fluxes at the watershed scale, at least at a given
depth. However, the relationship between the geometrical specificities of fractures
and groundwater flows at local and watershed scales, especially at depth, is not
clearly understood.
Here, we describe a detailed study of geometrical and hydraulic properties of
fractures that was carried out at different depths and on different scales to improve
the conceptual model of groundwater flow in weathered crystalline aquifers at the
site scale. This study took advantage of the Experimental Hydrogeological Park in
Southern India where a set of observation boreholes have been drilled for scientific
purposes. Several hydrogeological experiments at borehole and aquifer scales and
under different hydrological conditions were done to estimate the hydraulic proper-
ties and main flow paths on the site. Finally, the implications of these results are
discussed at watershed scale to investigate the consequences of fracture connectivity
on watershed hydrogeology.
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2 Hydrogeological context
2.1 Geological setting
The Experimental Hydrogeological Park (EHP) is situated near Choutuppal village
in the Nalgonda district (Andhra Pradesh State, Southern India) 60 km to the south-
east of Hyderabad (Latitude : 17°17′47′′N; Longitude : 78°55′12′′E) (Figure 1). The
EHP was developed by the French Geological Survey (BRGM) and the National
Geophysical Research Institute (NGRI) on the campus of NGRI in Choutuppal.
The site is included in the SOERE H+ International hydrogeological sites network.
The EHP is covered by sparse vegetation and characterized by a gentle slope towards
the northeast of around 2%. The ground surface elevation measured at the center
of EHP is about 365.5 m above mean sea level. Numerous farmlands, including rice
fields, with pumping boreholes belonging to farmers, are present around the EHP.
About 66% of the Andhra Pradesh State is composed of an Archean granitic and
gneissic complex (Figure 2). Locally, these formations may be intruded by dolerite
dykes or quartz reefs (Dewandel et al., 2011; G.S.I., 1999, 2005; Perrin et al., 2011a).
From a geomorphological viewpoint, the Nalgonda district is a gently undulating re-
gion with hummocky hills, boulders, ridges and inselbergs. The fracturing of granite
is mainly characterized by dilating fractures. This kind of fracture displays specific
characteristics and detailed descriptions of other sites in the world are given in Ba-
hat et al. (1999); Dale (1923); Hencher et al. (2011); Jahns (1943); Twidale (1973);
Vidal Roman´ı and Twidale (1999). It is generally accepted that dilating fracture
can be slightly curved but are mostly horizontal, developing sub-parallel to the rock
surface. Their spacing increases with depth from a few centimeters near the surface
to a few meters, typically one to ten meters (Dale, 1923; Jahns, 1943). They can
develop at up to one hundred meters depth (Jahns, 1943), and can display a lateral
extension of more than one hundred meters (Hencher et al., 2011). These fractures
may end in the fresh rock or by crossing other pre-existing fractures (Hencher et al.,
2011). A few sub-vertical dilatant fractures can also be observed on several out-
crops around EHP. Such outcrops which are relatively numerous and scattered over
the watershed, can constitute isolated boulders extending into the saprolite or the
granite surface. No evidence of faulting or tectonic activity has been observed in
the area. The fracture orientations can be grouped into three families (Pira, 2009):
N55-75, N130-155 and N165-175. Nevertheless, it remains difficult to relate or ex-
trapolate such fracture orientations to bedrock fractures at depth.
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EXPERIMENTAL HYDROGEOLOGICAL PARK
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Figure 1: Location of the Experimental Hydrogeological Park (EHP) in Andhra Pradesh
State, Southern India. On the right hand side, the location of the NGRI field campus is
shown with the boreholes network.
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Figure 2: Geological map of Andhra Pradesh, Southern India. Zoom represents the part
of Nalgonda district in Andhra Pradesh where EHP is located.
The EHP consists of twenty-eight boreholes of different depths (Table 1). The
thickness of the saprolite, according to the information obtained from drilling, varies
between thirteen to twenty-four meters. Note that some relatively fresh and very
poorly fractured granite may be observed in few places within EHP. However, no
boreholes have been drilled in these places. Six boreholes have been drilled into
the saprolite (CH3-L, CH10-L, CH21, CH22, CH23 and CH24) at specific depths,
not exceeding seventeen meters. Two boreholes cross cut the saprolite and the first
eight meters of granite at about twenty-three meters depth (CH3-S and CH10-S).
The other boreholes stop at fifty or seventy meters from the ground surface. All
boreholes have been equipped with a plain casing extending into the saprolite. All
of them were screened or open in front of the contact zone between the saprolite
and fractured granite. Below the contact zone, all boreholes were uncased (i.e., open
hole). Four boreholes into the saprolite (CH21 to CH24) were also uncased from the
last two meters to allow specific experiments within the vadose zone. The boreholes
configuration was chosen to allow characterizations focused on the lateral hydraulic
connectivity of fractures.
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Table 1: Boreholes characteristics of the Experimental Hydrogeological Park in Choutup-
pal (Andhra Pradesh, Southern India). Boreholes location is provided in the UTM pro-
jected coordinate system. Borehole depth and casing depth are given in meters below
ground surface.
Name of
borehole
X Y Elevation
Borehole
depth
Casing
depth
Estimated
saprolite’s
thickness
(m) (m) (m amsl) (m bgs) (m bgs) (m)
CH1 279075.05 1913316.12 365.69 73.20 23.90 24.00
CH2 279120.68 1913296.32 366.31 73.20 18.75 19.00
CH3 278906.31 1913534.27 365.63 50.30 14.20 14.70
CH3-L 278904.34 1913535.85 365.69 14.70 14.70 14.50
CH3-S 278906.66 1913536.81 365.58 22.80 14.60 14.70
CH4 278787.66 1913518.59 367.45 73.20 15.70 14.45
CH5 278846.82 1913527.63 366.66 73.20 17.30 16.45
CH6 278817.45 1913523.11 366.96 73.20 17.25 17.35
CH7 278909.21 1913502.31 365.11 61.00 15.90 14.10
CH8 278876.59 1913531.05 366.11 61.00 17.30 18.00
CH9 278793.33 1913488.97 367.87 73.10 13.70 13.00
CH10 278935.78 1913537.14 364.97 70.00 18.00 17.00
CH10-L 278935.11 1913539.79 364.82 16.50 16.50 16.50
CH10-S 278937.64 1913539.51 364.79 22.80 16.70 16.00
CH11 278904.75 1913564.44 365.70 56.40 21.00 19.50
CH12 278911.70 1913536.59 365.57 56.40 15.00 14.80
CH13 278899.41 1913538.17 365.82 51.85 16.00 16.00
CH14 278924.14 1913535.76 365.24 56.40 18.30 17.90
CH15 278949.36 1913522.31 364.60 56.40 18.30 17.90
CH16 278956.63 1913558.42 364.61 56.40 17.30 15.20
CH17 278984.66 1913545.60 364.11 50.30 15.50 14.70
CH18 278914.12 1913576.32 365.57 50.30 19.80 21.35
CH19 278925.00 1913590.53 365.31 45.70 16.70 22.85
CH20 278903.75 1913582.33 365.42 54.85 23.00 22.85
CH21 278870.10 1913570.95 365.96 12.95 10.95 -
CH22 278860.12 1913573.08 365.95 7.70 5.80 -
CH23 278859.24 1913563.11 366.06 11.20 9.05 -
CH24 278868.41 1913562.03 366.08 4.30 2.15 -
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The typical geological profile obtained in the EHP by drilling cuttings analysis,
follows the lithological description by Dewandel et al. (2006) which from top to
bottom consists of:
 Red soil from the first decimeters to the first meter: rich in iron and/or alu-
minum oxides.
 Sandy regolith from about 1 to 3 m deep: yellowish color, sandy-clay compo-
sition, sandy texture with a lot of quartz grains.
 Saprolite from about 3 to 13 – 24 m deep, derived from in situ weathering
of granite: yellowish to brownish color, coarse sand-size clasts texture and
laminated structure. This horizon exhibits preserved fractures.
 Granite mainly constituted of quartz, potassium feldspars and biotite. Quartz
veins, iron oxide and chlorite are also present. The upper part of the granite
is highly weathered and fractured but the fracture frequency decreases rapidly
with depth.
As a complement to the geological observations, some Electrical Resistivity To-
mography profiles were performed at the EHP to image the possible presence of
geological heterogeneities other than fractures in the sub-surface. Several geophysi-
cal cross-sections were obtained by using a Wenner-Schlumberger configuration. In
particular, two ERT profiles of 450 m length crossing the EHP boreholes in west-
east and south-north directions are presented in figure 3. These electrical resistivity
profiles show an increase in resistivity with depth that more or less follows the
weathering profile. Low resistivity values (< 500 Ω m) globally correspond to the
saprolite while high resistivity values (> 500 Ω m), correspond to the granite. The
interface between the saprolite and granite was determined from geological logs and
is represented by dotted lines in figure 3. The electrical resistivity profiles did not
reveal the presence of any vertical geological heterogeneity (dolerite dyke or quartz
reef), but show that the thickness of the saprolite varies from place to place and
increases northward.
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Figure 3: Electrical Resistivity Tomography obtained in a) west-east and in b) south-north
directions. Dotted line represents the interface between saprolite and granite obtained
from geological logs.
2.2 Hydrological setting
The Andhra Pradesh region is characterized by a semi-arid climate controlled by
monsoons. The rainy season occurs from June to November and is composed
of south-west and north-east monsoons. The south-west monsoon from June to
September generally constitutes 80% of the rainfall. During the rainy season, a
temporary streams network may appear in the EHP. Nevertheless, surface streams
are most of the time absent, thus highlighting the role of groundwater flow in wa-
tershed hydrology. The mean annual rainfall in the Choutuppal area is 693 mm and
the mean annual temperature is 28. The dry season occurs from December to
May with a maximum temperature of 45.
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In Andhra Pradesh, groundwater constitutes the main water resource for rural
communities. To understand the functioning of these aquifers, various hydraulic
parameters were determined in previous studies (Dewandel et al., 2006, 2011, 2012;
Mare´chal et al., 2003, 2004) from slug tests and pumping tests analysis. The mean
equivalent hydraulic conductivity was between 10−6 and 10−4m s−1 with a vertical
anisotropy (Kr/Kz = 10; Mare´chal et al. (2003, 2004)).
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Figure 4: Changes in water level in the CH3 borehole. A zoom on a typical geological
log is shown on the right. The ground surface elevation for CH3 borehole is 366.4 m (bgs)
(Table 1). Letters indicate: a) the pumping test in CH3 at low water level conditions, b)
the pumping test in CH3 at high water level conditions, c) the piezometric map of the
watershed at high water level conditions, d) the piezometric map of the watershed at low
water level conditions and e) the pumping test in CH11 at low water level conditions.
Fractures are represented by black curved lines.
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The changes in the water level in the CH3 borehole are compared with the geolog-
ical log in figure 4. This hydrograph shows that during four years, only one monsoon
significantly contributed to recharge the aquifer. After this significant recharge, the
water level was above the granite, extending into the saprolite, for only a few months.
Because of intensive pumping in the area surrounding the EHP, the saprolite remains
unsaturated for most of the time. The spatial variations of the piezometric levels at
the watershed scale are shown on figure 5. Two piezometric maps were drawn up
under contrasting conditions, namely when the saprolite was partially saturated and
when the water levels were quite low. Both piezometric maps were compiled in the
dry seasons, therefore with no influence from rainfall recharge. The first one, under
high water level conditions, was based on measurements carried out in June 2011
just before the beginning of the monsoon. The second one, under low water level
conditions, was based on measurements performed in January 2013. The piezomet-
ric levels were measured four hours after irrigation pumping had stopped in order
to avoid most of the local perturbations due to pumping. The piezometric map
of 2011 shows a continuous hydraulic gradient indicating groundwater flow towards
the north of the watershed that more or less follows the topography. Although the
impact of the farmers pumping boreholes in the watershed during 2011 cannot be
clearly identified, the piezometric level has globally decreased due to overexploita-
tion. The piezometric map of 2013, when the saprolite was unsaturated, presents
larger hydraulic gradient variations. In particular, the impact of pumping is clearly
and readily apparent in a few places and no general groundwater flow direction
can be defined at the watershed scale. This suggests that, when the water level is
low, groundwater flows are restricted to the sub-compartments at greater depths.
This is partly due to localized pumping but in some places the very sharp hydraulic
variations also suggest a discontinuous medium (Figure 5) which may result from a
decrease in fracture connectivity with depth. Hereafter, we focus on the impact of
fracture connectivity and water level conditions on groundwater flows at EHP.
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Figure 5: Piezometric maps at the watershed scale, in the UTM projected coordinate
system, obtained under two water level conditions but during dry seasons: a) high water
level map was obtained in June 2011 with 36 data points and b) low water level map
was obtained in January 2013 with 50 data points. Red arrows represent interpreted
general groundwater flow paths and red points represent the farmers boreholes used for
daily pumping. CH4, within EHP, is also used occasionally for groundwater resource since
2012.
3 Methodology
We characterized the groundwater hydrology and fracture connectivity at EHP by
using a combination of methods involving borehole logging and hydraulic tests.
The main permeable fractures were located by logging the fluid properties using
an OTT probe (Temperature, Specific Conductivity, pH, Dissolved Oxygen and
Redox Potential) and CTD divers (Temperature and Specific Conductivity). Both
instruments provide measurements with an accuracy of ±0.1for the temperature.
Borehole logging was done sufficiently slowly to provide measurements every ten
to twenty centimetres. Repeatability of the measurements has been systematically
checked in all boreholes. The main permeable fractures were located by logging
temperature in all EHP boreholes under ambient conditions (i.e. flowing naturally)
as thermal anomalies in the geothermic gradient can indicate the presence of a
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permeable fracture (Chatelier et al., 2011; Drury, 1984; Keys, 1990). In particular,
the temperature anomalies or gradients may be related to vertical water circulation
between permeable fractures within boreholes (Klepikova et al., 2011). The precise
location of a fracture can be determined with this simple method in the presence of
significant vertical flow when no significant variations of rock thermal conductivity
are apparent (i.e. typically in the same geological formation). Note that this method
may not detect some permeable fractures, despite their presence in the borehole, if
the flow is too small or if a temperature contrast is absent. Hereafter, we present
a few typical examples of temperature logs obtained at EHP. In addition, camera
investigations were carried out in some boreholes (CH3, CH10, CH11, CH12 and
CH13) to correlate the locations of fractures and flowing fractures detected from
temperature logs and hydraulic tests. Geophysical logs such as the single-point
resistance and caliper logs would also have been useful but were not available at the
time of the study.
The distribution of local transmissivity and hydraulic conductivity was obtained
by performing slug tests in fifteen EHP boreholes and applying the Bouwer and
Rice (1976) method for homogeneous confined and unconfined aquifers with fully
or partially penetrating borehole. Three cycles of injection/pumping were carried
out on the most transmissive boreholes and one on the low transmissive boreholes.
These results were compared with those obtained when the saprolite or/and the top
of the fractured granite was saturated, by performing the slug tests in four boreholes
(CH3, CH5, CH10 and CH16) under two water level conditions. Note that this
simply provided order-of-magnitude estimates of the hydrodynamic parameters as
some phenomena, such as non-radial flows, would be overlooked (Shapiro and Hsieh,
1998). Nevertheless, slug tests analysis provides a first approach to characterize the
variability of hydraulic properties in such heterogeneous media.
Several pumping tests were performed on-site to characterize the hydrodynamic
properties and geometry of the aquifer. The first pumping test, performed in CH3
when the water level was relatively low (19 m bgs, point a) in figure 4), lasted for
three days with a discharge rate of 1.5 m3 h−1. Three observation boreholes (CH5,
CH7 and CH8) and the pumping borehole, CH3, were monitored. The other bore-
holes had not been drilled at that time. The second pumping test in CH3 was
performed when the water level was relatively high (13 m bgs, point b) in figure 4)
for five days with a mean discharge rate of 6 m3 h−1. Variations of discharge rate
were monitored from 6.2 to 5.6 m3 h−1. In this second case, drawdown was moni-
tored in seventeen boreholes. A final pumping test was performed in CH11 when the
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water level was low (20 m bgs, point e) in figure 4). This pumping test was carried
out for eleven days with a discharge rate of 0.5 m3 h−1, and monitored on the fifteen
boreholes. All these data about the pumping tests are summarized in table 2. The
different discharge rates are related to the different transmissivities encountered for
different water level conditions but also to the experimental design.
Table 2: Characteristics of the different pumping tests.
Pumping
borehole
Initial
water
level
Pumping
rate
Duration
Sampling
rate
Number of
observation
boreholes
Date of the
test
(m bgs) (m3 h−1) (h) (s)
CH3 19.18 1.5 70 30 3 July 2010
CH3 13.18 6 105 40 16 March 2011
CH11 19.81 0.5 261 30 14 January 2013
Pumping test analysis is often difficult, especially in fractured media where the
complex geometry of the fractures network produces highly heterogeneous flow pat-
terns (Barker, 1988; Le Borgne et al., 2004). The derivatives method was introduced
by Bourdet et al. (1983) to improve pumping test interpretation. This method con-
sists of identifying flow patterns on derivative drawdown curves (Bourdet et al.,
1983; Gringarten, 2008; Renard et al., 2009) and defining a hydrodynamic concep-
tual model. In our case, drawdowns were normalized by pumping rate so that all
the pumping tests could be compared. The derivative method was then applied to
identify an appropriate and consistent model for data interpretation.
According to indications provided by the derivative method, we then applied the
semi-analytical solution for confined and non-uniform aquifers developed by But-
ler (1988). This semi-analytical solution considers a pumping borehole which fully
penetrates the aquifer and is located in the centre of a circular disk of radius R, em-
bedded in another reservoir of differing properties. The inner domain corresponding
to the disk has a transmissivity T1 (m
2 s−1) and storage coefficient S1 (-) while the
outer domain has a transmissivity T2 (m
2 s−1) and storage coefficient S2 (-).
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4 Results
4.1 Borehole scale investigations
The temperature logs obtained at EHP revealed a few flowing fractured zones (typ-
ically one or two) on each borehole. Figure 6 presents a typical temperature profile
which varies from 30to 31. The local geothermal gradient, estimated from CH5
profile where very little and superficial temperature perturbations were observed,
is relatively low (0.018m−1), but is in good agreement with another estimation
(0.0114m−1) made by Akkiraju and Roy (2011) on the same site with deeper
boreholes (about 300 m). These temperature logs also show one or two breaks that
are characteristic of flowing fractured zones. The first zone is generally located near
the bottom of the saprolite, in the first few meters of the upper part of the frac-
tured granite. The second flowing fractured zone depends on the borehole location
but can occur at the same depth in some boreholes, such as CH3, CH10 and CH12
(e.g. at about 25.5 to 27 m; figure 6). The locations of the flowing fractured zones
determined from the temperature logs agreed very well with the borehole camera
investigations. In general, they occurred a few meters below the bottom of the
saprolite. The number of flowing fractures that appeared to contribute significantly
to flow was quite low, indicating that groundwater flow was localized in only a few
fractures.
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Figure 6: Typical temperature profiles in the CH3, CH10 and CH12 boreholes carried out
under high water level conditions (HWL), related to geological log and fractures observed
by borehole camera in CH12. All temperature profiles were obtained under ambient con-
ditions (i.e. flowing naturally). The geothermal gradient is presented in dotted line and
was obtained from CH5 temperature profile. The mean surface temperature is about 28.
The main flowing fractures are indicated by black arrows.
Slug tests analysis using the Bouwer and Rice (1976) method revealed a rela-
tively high transmissivity variability ranging over three orders-of-magnitude from
1.7× 10−7 to 5.4× 10−4m2 s−1. In addition, table 3 presents all the results in terms
of equivalent hydraulic conductivity. To obtain transmissivity, we simply multiply
the hydraulic conductivity by the saturated length of the open borehole. Figure 7
shows three typical data sets for the slug test injection obtained for boreholes CH8,
CH10 and CH13 which displayed different hydraulic responses, ranging from high to
low transmissivity. The fit to the data is in general quite good, except for the most
transmissive responses where slight discrepancy may be observed, especially for late
times (Figure 7). The transmissivities of the first flowing fractured zone (Tupperpart)
were estimated from the difference between the transmissivities obtained under two
water level conditions for the CH3, CH5 and CH10 boreholes (Table 3). The esti-
mated mean transmissivities of the first flowing fractured zone, for these boreholes,
were respectively 1.6× 10−4m2 s−1, 6.3× 10−6m2 s−1 and 3.5× 10−4m2 s−1. Lower
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transmissivity values were obtained for deeper flowing fractures (Table 3). The esti-
mated equivalent hydraulic conductivities for the entire dataset are within the range
of values obtained in previous studies (Dewandel et al., 2006; Mare´chal et al., 2004)
with a geometric mean at EHP of 1.4× 10−6m s−1.
Table 3: Transmissivities and equivalent hydraulic conductivities obtained by slug tests
analysis with Bouwer and Rice (1976) methods. To obtain transmissivities, hydraulic
conductivities were multiplied by the length of the open saturated boreholes.
Name of
borehole
Initial water
level
T Keq Tupperpart
(m bgs) (m2 s−1) (m s−1) (m2 s−1)
CH1 19.43 2.6× 10−5 5.4× 10−7 -
CH2 20.3 4.7× 10−5 8.8× 10−7 -
CH3
11.12 2.7× 10−4 8.0× 10−6
1.6× 10−4
18.21 1.1× 10−4 3.3× 10−6
CH5
18.77 6.5× 10−6 1.2× 10−7
6.3× 10−6
21.32 1.7× 10−7 2.7× 10−9
CH7 17.49 3.0× 10−5 6.9× 10−7 -
CH8 18.64 2.2× 10−5 5.2× 10−7 -
CH10
17.38 5.4× 10−4 1.0× 10−5
3.5× 10−4
19.45 1.9× 10−4 3.8× 10−6
CH11 18.19 1.1× 10−4 6.6× 10−6 -
CH12 18.03 1.9× 10−4 5.0× 10−6 -
CH13 18.32 7.0× 10−5 2.1× 10−6 -
CH14 17.71 2.3× 10−5 6.0× 10−7 -
CH15 16.85 1.3× 10−4 3.4× 10−6 -
CH16
16.63 1.6× 10−4 4.1× 10−6 -
19.22 1.7× 10−4 4.5× 10−6 -
CH19 21.71 4.1× 10−5 1.7× 10−6 -
CH20 21.51 4.9× 10−5 1.5× 10−6 -
Geometric mean: 5.3× 10−5 1.4× 10−6 7.1× 10−5
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Figure 7: Example of injection phase obtained for slug tests in the CH8, CH10 and CH13
boreholes with interpretation according to the Bouwer and Rice (1976) method.
4.2 Pumping tests at the site scale
The pumping test carried out at CH3, when the water level was relatively high and
the saprolite was partially saturated, led to significant hydraulic head variations in
all nearby boreholes (Figure 8a). Conversely, the pumping test performed at CH11
(Figure 8b), when the water level was low, did not lead to hydraulic head variation
in several boreholes (namely CH5, CH16, CH17, CH19 and CH20). Another pump-
ing test performed in low water level conditions at CH3 cannot be fully compared
with the previous tests as most of the boreholes had not been drilled at this time.
Nevertheless, neither pumping tests at low water level led to any hydraulic head
variations at CH5 whereas a reaction was observed under high water level condi-
tions. Therefore, drawdowns appear to be dependent not only on the distance from
the pumping borehole and the discharge rate, but also on the initial water level.
This may be due to the dewatering under low water level conditions of better con-
nected open fractures in the upper part of the granite. This suggests a decrease of
the hydraulic connectivity with depth. Moreover, since the normalized drawdown
was higher when the initial water level was low, this also implies that the transmis-
sivity and/or storage coefficient also decreased with depth. Such observations rely
on previous conceptual models of crystalline aquifer systems in semi-arid climate
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(Chilton and Foster, 1995; Dewandel et al., 2006; Mare´chal et al., 2004; Taylor and
Howard, 2000), with saprolite contributing to storage whereas the fractured granite
contributes to the transmissivity. This implies also that storativity will be quite
reduced by the dewatering of the saprolite under low water level conditions.
Figure 9 shows, in a log – log plot, the normalized drawdown and derivative
curves obtained for the two pumping tests in CH3 which exhibited contrasting hy-
drodynamic behavior. Grey dots represent the specific drawdown and derivative
obtained when the initial water level was low (19 m bgs), i.e. four meters below
the bottom of the saprolite. The derivative analysis of drawdown reveals linear flow
from 0 to 1 h, followed by a transitional flow for up to 5 h of the pumping test,
similar to spherical flow. After 5 h of pumping, the derivative curve indicates a
pseudo-radial flow.
The second pumping test at CH3, when the initial water level was one meter
above the bottom of the saprolite (13 m bgs), is represented as blue dots. Only
the first part of the pumping test is shown since the first flowing fractured zone
was dewatered after two days of pumping. In this case, the hydraulic response
corresponded much more to a homogeneous system, as shown by the derivative
analysis of drawdown (Figure 9). This shows a linear flow up to 10 h and then
a pseudo-radial flow from 10 to 50 h of pumping. Whatever the hydrodynamic
behavior, the transmissivity obtained during the pumping test under high water
level conditions was higher than that obtained when the water level was initially low.
Note that although not shown (for clarity) on figure 9, the normalized drawdown
derivative becomes equal to the derivative of the pumping test at low water level
once the upper flowing fractured zone has been dewatered.
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Figure 8: Specific drawdown (m per m3 h−1) maps at the EHP, in the UTM projected
coordinate system, obtained 1000 min after starting the pumping tests: a) for CH3 pump-
ing test performed at high water level and b) for CH11 pumping test performed at low
water level.
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Figure 9: Normalized drawdown and derivative data obtained for CH3 pumping boreholes
for the two pumping tests under low and high water level conditions. Butler (1988) model
is represented by black line for drawdown curve and black dashed line for derivative curve.
Table 4: Computed parameters with R=12 m for pumping test performed in the CH3
borehole at low water level conditions in July 2010.
Name of
borehole
Distance
from
pumping
borehole
smax T1 S1 T2 S2
(m) (m) (m2 s−1) (-) (m2 s−1) (-)
CH3
Pumping
borehole
5.6 4.9×10−4 3.3×10−4 7.5×10−5 6.3×10−6
CH5 59.87 No reaction - - - -
CH7 32.09 4.21 4.9×10−4 5.3×10−4 9.4×10−5 2.8×10−7
CH8 29.9 5.12 4.9×10−4 5.7×10−4 7.5×10−5 7.1×10−7
Geometric mean: 4.9×10−4 4.6×10−4 8.1×10−5 1.1×10−6
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To complement the analysis, we used the semi-analytical solution by Butler
(1988) described in the previous section (Figure 9). The semi-analytical solution
of Butler (1988) assumes radial flows, which is a limit of the model, but it could be
used efficiently to estimate diffusivity contrast between both the inner and outer do-
mains. This contrast of diffusivities between both domains can reproduce very well
the drawdown evolution during pumping tests. This solution was chosen because
it also very consistent with the hydraulic compartmentalization observed under low
water level conditions (Figure 8b). Tables 4, 5 and 6 show all the computed pa-
rameters for fitting drawdown and derivative curves. The transmissivities obtained
for the pumping test performed under high water level conditions range between
1.5× 10−3 and 3.2× 10−3m2 s−1 for the inner domain and 1.3× 10−4m2 s−1 for the
outer domain. The transmissivities obtained for both pumping tests performed un-
der low water level conditions range between 3.4× 10−4 and 4.9× 10−4m2 s−1 for
the inner domain and between 4.9× 10−5 and 9.4× 10−5m2 s−1 for the outer do-
main. Modeling of the data set for all pumping tests also revealed variability of
the storage coefficient values over a few orders of magnitude (Tables 4, 5 and 6).
Nevertheless this parameter remained relatively stable for each domain for a specific
water level condition. Furthermore the diffusivity values estimated under low water
level conditions were greater than under high water level conditions mainly because
of a decrease in storativity with depth.
The radius of the inner domain was fixed at 45 m for the pumping test at high
water level (Figure 8b). The time for drawdown to reach the limit of the circular
inner domain was about 3.7 min. For the pumping tests at low water level, it
was necessary to fix the radius of the inner domain at 12 m to reproduce the data.
Despite some uncertainty, this indicates that the extensions of the transmissive zones
at depth are certainly much more limited.
All the results show that the bottom of the saprolite and the first fractured zone
in the upper part of the granite are spatially well-connected and characterized by
high transmissivity. At greater depths, the transmissivity and storage coefficients
are lower. Moreover, the groundwater system is apparently more limited when the
water level is below the upper part of the granite, resulting in a compartmented
aquifer dependent on the water level conditions. For example, the boreholes CH4,
CH6 and CH9 in the western part of EHP are highly influenced by farmers pumping
whereas the other boreholes are not. In the following section, we provide a summary
of our results and a comprehensive aquifer conceptual model at the site scale.
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Table 5: Computed parameters with R=45 m for pumping test performed in the CH3
borehole at high water level conditions in March 2011.
Name of
borehole
Distance
from
pumping
borehole
smax T1 S1 T2 S2
(m) (m) (m2 s−1) (-) (m2 s−1) (-)
CH1 275.8 No reaction - - - -
CH3
Pumping
borehole
4.67 3.2×10−3 1.4×10−3 1.3×10−4 6.3×10−3
CH3-L 2.53 0.91 2.7×10−3 5.6×10−3 1.3×10−4 5.6×10−3
CH3-S 2.57 2.6 2.0×10−3 1.1×10−3 1.3×10−4 5.0×10−3
CH5 59.87 0.83 3.2×10−3 1.4×10−3 1.3×10−4 4.5×10−2
CH7 32.09 2.6 3.2×10−3 1.0×10−2 1.3×10−4 3.2×10−3
CH8 29.9 1.8 3.2×10−3 2.5×10−3 1.3×10−4 1.4×10−2
CH10 29.61 2.49 3.2×10−3 6.9×10−4 1.3×10−4 1.3×10−2
CH10-L 29.32 2.43 3.2×10−3 3.0×10−3 1.3×10−4 1.0×10−2
CH10-S 31.77 2.46 3.2×10−3 7.2×10−4 1.3×10−4 1.3×10−2
CH11 30.21 3.91 3.2×10−4 4.1×10−5 1.3×10−4 6.3×10−3
CH12 5.87 2.57 1.5×10−3 4.1×10−5 1.3×10−4 5.6×10−3
CH13 7.93 2.07 3.2×10−3 3.1×10−4 1.3×10−4 7.1×10−3
CH14 17.89 2.45 2.7×10−3 3.6×10−3 1.3×10−4 5.0×10−3
CH15 44.68 2.27 3.2×10−3 7.4×10−4 1.3×10−4 1.4×10−2
CH16 55.81 1.05 2.7×10−3 1.3×10−4 1.3×10−4 2.2×10−2
CH17 79.16 0.47 3.2×10−3 7.4×10−4 1.3×10−4 2.8×10−2
Geometric mean: 2.5×10−3 8.4×10−4 1.3×10−4 9.7×10−3
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Table 6: Computed parameters with R=12 m for pumping test performed in the CH11
borehole at low water level conditions in January 2013.
Name of
borehole
Distance
from
pumping
borehole
smax T1 S1 T2 S2
(m) (m) (m2 s−1) (-) (m2 s−1) (-)
CH3 30.21 2.14 3.4×10−4 5.7×10−4 4.9×10−5 8.9×10−6
CH5 68.64 No reaction - - - -
CH7 62.29 1.86 3.4×10−4 5.7×10−4 4.9×10−5 7.1×10−6
CH8 43.68 2.06 3.4×10−4 8.2×10−4 4.9×10−5 7.1×10−6
CH10 41.33 1.88 3.4×10−4 6.2×10−4 4.9×10−5 1.4×10−5
CH11
Pumping
borehole
2.28 3.4×10−4 1.3×10−3 4.9×10−5 1.3×10−4
CH12 28.71 2.14 3.4×10−4 6.8×10−4 4.9×10−5 8.9×10−6
CH13 26.81 2.12 3.4×10−4 5.7×10−4 4.9×10−5 1.3×10−5
CH14 34.62 1.94 3.4×10−4 9.0×10−4 4.9×10−5 1.4×10−5
CH15 61.36 1.68 3.4×10−4 3.3×10−4 4.9×10−5 1.6×10−5
CH16 52.23 No reaction - - - -
CH17 82.1 No reaction - - - -
CH18 15.13 2.1 3.4×10−4 5.7×10−4 4.9×10−5 3.5×10−5
CH19 33.03 No reaction - - - -
CH20 17.91 No reaction - - - -
Geometric mean: 3.4×10−4 6.5×10−4 4.9×10−5 1.5×10−5
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4.3 Results synthesis
The temperature loggings and borehole camera images show that the main flowing
fractured zones are located just below the saprolite thus indicating hydraulic con-
tinuity in the lower saprolite and upper fractured zone. During high water level
conditions, all boreholes were impacted by the pumping test in the CH3 borehole.
Conversely, under low water level conditions, a certain number of boreholes were
not impacted by the pumping tests performed in CH3 and CH11 thus indicating
a segmentation of the aquifer and spatial discontinuity of deeper fractured zones.
Figure 10 shows a map of the site with the different boreholes and the temperature
logs for the different compartments under low water level conditions. Four different
compartments, which are not hydraulically connected, can be defined from previ-
ous hydraulic tests. The limits between the different compartments are not always
clearly defined, as is the case between compartments 2 and 4. However, under low
water level conditions, the different compartments are disconnected from each other.
Note that the changes in temperature with depth are also consistent within each
compartment (Figure 10).
All this information is summarized in figure 11 as a detailed hydrogeological
conceptual model at the site scale. This shows that the first flowing fractured zone,
located in the upper part of the granite, is laterally well-connected throughout the
site. This fractured zone is also well-connected with the bottom of the saprolite
(Boisson et al., in preparation). Thus, under high water level conditions, all the
boreholes are connected through the fracture network located in the upper part
of the granite, in the few first meters below the saprolite. During low water level
conditions, the boreholes remain connected if they intersect common deeper flowing
fractures. Interestingly, the main flowing fractures within each compartment are
located at approximately the same level. The limited extension of deeper flowing
fractures results in hydraulic compartmentalization of the aquifer.
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Figure 10: Hydraulic compartmentalization of the aquifer under low water level conditions
(LWL) related to the location of deeper flowing fractures in the EHP thanks to temperature
logging carried out under high water level conditions (HWL). Map is in the UTM projected
coordinate system.
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Figure 11: Hydrogeological conceptual model of the EHP under low water level conditions,
where only the deeper flowing fractures are saturated. Upper flowing fractures are figured
in dewatered conditions. The range of transmissivities is also provided for upper and
deeper flowing fractures.
The estimated transmissivity of the main upper fractured zone varies from 1× 10−4
to 3× 10−3m2 s−1 whereas the transmissivity of the deeper fractured zones is lower,
with values ranging from 5× 10−5 to 5× 10−4m2 s−1. The storage coefficient of the
aquifer is also variable with higher values under high water level conditions (Table
4, 5 and 6). Although some values were certainly over-estimated or under-estimated
due to the frequent difficulty of estimating the storage coefficient, especially in het-
erogeneous media (Meier et al., 1998), the saprolite should ensure storage while the
fractures ensure the transmissive role of the aquifer (Chilton and Foster, 1995; De-
wandel et al., 2006; Mare´chal et al., 2004; Taylor and Howard, 2000). This indicates
that the low water level below the saprolite represents critical conditions for the
exploitation of groundwater resources.
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5 Discussion
In the previous sections, we showed that the main transmissive and connected zone
consists of a fractured zone a few meters thick, located below the saprolite on top
of the fractured granite. Some permeable fractures may also be encountered at
greater depths, up to 60 m, but with generally lower transmissivity and limited
extension and continuity. In consequence, the geometry of this upper fractured zone
will partly control the hydrology of the watershed. In particular, this explains why
groundwater may flow over the entire watershed when the water level is sufficiently
high whereas it may be restricted to a few compartments when the water level is
below this permeable structure. Thus, groundwater flow is highly dependent on the
depth of this interface in the watershed, which is highly variable.
Some outcrops of fresh or poorly fractured granite are present in many places
within the watershed, clearly showing that this fractured zone is not present through-
out the watershed. Figure 12 provides a schematic diagram of the potential geometry
of this fractured zone in such a context, where its interruption can be due to the pres-
ence of inselbergs or very poorly fractured granite outcrops within the watershed.
The hydrologic conditions are represented for two different states: under high wa-
ter level conditions (Figure 12a) and under low water level conditions (Figure 12a).
The permeable saturated reservoirs are also represented although their extension
and complexity remains uncertain. In this model, the well-connected transmissive
zone is constituted by the interface between saprolite and granite and by the first
few flowing fractures observed in the upper part of the granite. The fracture network
is certainly more complex in reality but, in this conceptual model, we simplify frac-
ture geometry to the main flowing fracture zones. The well-connected transmissive
zone mainly drives the groundwater flows under high water level conditions despite
the presence of some inselbergs (Figure 12a). During low water level conditions, the
groundwater flows are mostly restricted to compartments and the aquifer is partially
disconnected at the watershed scale (Figure 12b). Depending on the water level, the
groundwater flow shifts from a watershed flow system to local almost independent
flow systems.
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Figure 12: Conceptual groundwater flow model at the watershed-scale as a function of
water level conditions: a) under high water level conditions b) under low water level
conditions.
Other studies performed in the same region focused on the compartmentalization
of the watershed due to geological structures such as a dyke (Perrin et al., 2011a) or
quartz reef (Dewandel et al., 2011). We show here that the hydraulic compartmen-
talization in such media can also be linked to the limited extension of the deeper
flowing fractures. Based on the borehole data and piezometric maps in Figure 5, the
estimated length of the deeper flowing fractured zone is typically around one hundred
meters in the main part of the site (i.e. compartment 3, Figure 10). Our estimation
of the size of the compartments is consistent with reports showing that fracture
length may attain more than hundred meters in such media (Hencher et al., 2011).
To provide an order-of-magnitude of the characteristic length of these compartments,
Figure 13 shows the variograms for the two piezometric maps obtained under high
water level conditions (2011) and low water level conditions (2013) by applying the
GDM tool (BRGM software, GDM (2001)). Such variograms are classically used in
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geostatistics to analyse the spatial structuration of a given variable. In particular, it
can be used to estimate the characteristic distance (”range”) between the variable
measurement locations over which the variable is not spatially correlated. The var-
iogram under low water level conditions shows an estimated characteristic length of
345 m (range on spherical model – Figure 13) whereas no characteristic length could
be estimated under high water level conditions, because of the topographic control
of the piezometric map at the watershed-scale. Interestingly, a similar length (500
m) was found by Dewandel et al. (2012) during upscaling of hydraulic properties in
analogous fractured granite in Andhra Pradesh and by Perrin et al. (2011a) based
on hydrochemical signatures of aquifer compartments (400 – 500 m).
Figure 13: Variograms obtained for both piezometric maps at watershed scale under high
water level conditions (2011) and under low water level conditions (2013) with spherical
model.
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Identification of the upper well-connected fractured zone as the main hydroge-
ological structure in the watershed is consistent with other studies carried out in
similar weathered and fractured media. Most authors agree about the existence of
a more permeable zone at the interface between the saprolite and the granite and in
the upper part of the fractured granite (Acworth, 1987; Chilton and Foster, 1995;
Dewandel et al., 2006; Howard et al., 1992; Jones, 1985; Larsson, 1984; Wyns et al.,
2004). The depth of this zone or interface is expected to vary from place to place due
to the variations of weathering intensity or hardness of granite. This observation is
also consistent with the geophysical imaging carried out by Braun et al. (2009) at the
Mule Hole site on the Karnataka plateau which revealed the variable depth of the
saprolite. Despite some possible variations in the thickness of the saprolite or depth
of the main permeable zone, this groundwater conceptual model is expected to be
also representative of other regions of India as at Maheshwaram (Dewandel et al.,
2006; Mare´chal et al., 2004) or in other areas also affected by sub-surface weather-
ing and fracturing processes. Of course, the sensitivity to water level conditions will
depend on both climate and anthropogenic pressure.
This hydrogeological conceptual model, which highlights the compartmentaliza-
tion of the aquifer, should be taken into account in future groundwater and trans-
port modeling of such media. The respective roles of the different fractured zones on
groundwater flows will require an appropriate approach to take into account the spe-
cific heterogeneities (Hsieh, 1998; Sanchez-Vila et al., 1996). This is especially true
for the prediction of contaminant transport where the connectivity of fractures will
clearly affect time transfer and chemical processes including water rock-interaction.
This hydrogeological model also implies a compartmentalization of residence times
and groundwater ages (Ayraud et al., 2008). On the one hand, relatively short res-
idence times should be expected due to low storage (Dewandel et al., 2012). But,
on the other hand, much higher residence times should be expected in the deeper
part of each compartment, in particular in deeper permeable fractures in which the
hydraulic connections are poor. The water level conditions may also have major im-
pacts on groundwater chemistry, especially when the watershed becomes somehow
endorheic under low water level conditions. These changes in watershed hydrology
may partly explain certain enrichments in anthropogenic or geogenic pollutants, such
as fluoride, which have dramatically increased since the last ten years in Southern
India (Perrin et al., 2011b; Pettenati et al., 2013).
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More generally, this case study highlights the vulnerability of such groundwater
resources to anthropogenic impacts and climate variability. In the present case, the
critical situations encountered under low water level conditions led many farmers
in the area to reduce watering and their irrigated rice cropping area. It also led
to some agricultural changes with the development of crop lentils or cotton rather
than rice. The boreholes of some farmers became dry due to the decline of water
levels. This shows the need for groundwater management and protection in this
area, in particular, in a country where demographic pressure is still increasing sig-
nificantly and where groundwater resources are, in most Indian places, the main
available water resource. The hydrogeological conceptual model proposed here illus-
trates how groundwater resources depend on the hydraulic connectivity of fractures
which controls groundwater flows at local and watershed scales. Such a conceptual
groundwater flow model may be of great help to better locate boreholes of higher
productivity although productivity depends on fracture hydraulic properties which
are highly variable in the sub-surface. It may allow also to define a critical depth for
water level below which groundwater supply will depend only on local and limited
resources. In addition, the knowledge of water levels combined with saprolite’s depth
at the watershed or regional scale, may allow to better analyze the possible inter-
connection within or between watersheds for improving management and protection
of groundwater resources. This will be certainly the topics of future studies.
6 Conclusions
This study of a shallow fractured crystalline aquifer shows a discontinuous hydro-
geological system, which is revealed by low water level conditions. By focussing on
fracture network connectivity, we were able to highlight the compartmentalization
of the system. First, we showed that the permeable zone including the bottom of
the saprolite and the upper part of the granite is laterally well-connected. At the
watershed scale, groundwater flows mainly through this permeable zone. Then, we
demonstrated that the hydraulic connectivity of fractures strongly decreases with
depth and the limited extension of the deeper flowing fractures leads to a lateral
compartmentalization of the aquifer when the groundwater level decreases. Depend-
ing on the water level conditions, the aquifer shifts from a watershed flow system to
independent local flow systems.
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This understanding of groundwater flows in such a context is of prime importance
for sustainable aquifer management, in particular, in a country where demographic
pressure is still increasing significantly and where groundwater constitutes the main
available water resource. Such changes in groundwater flows illustrate the vulnera-
bility rural communities in the area regarding the perennial access to groundwater
resource for drinking water and irrigation purposes. This also illustrates the im-
pacts of anthropogenic pressure and climate variability on groundwater resources
availability. This hydrogeological compartmentalization, without any flow at the
watershed scale under low water level conditions, has surely a significant impact on
groundwater chemistry and contaminant transport which deserves specific investiga-
tions. Further work is needed to analyse in more details the link between hydrology
and hydrochemistry at the watershed scale under these particular conditions. Of
particular interest will be groundwater dating which should also reveal compartmen-
talization within the watershed as a function of depth. It will also be of interest to
use geophysical imagery to investigate the specific morphology of the compartments
at depth, in greater detail and in different areas.
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3.3 Article : Estimation of the vertical evolution
of hydrodynamic parameters in weathered
and fractured crystalline rock aquifers by
complementary methods (Boisson et al.,
soumis)
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Abstract
Due to extensive irrigation, most crystalline aquifers of south India are
overexploited. Structure of those aquifers is known and consist from top to
bottom of a weathered saprolite followed by a fractured zone whose fracture
density decrease with depth. However to achieve sustainable management,
the evolution of hydrodynamic parameters (transmissivity and storage coeffi-
cient) by depth in this specific context should be quantified which is the aim of
this study. Numerous investigations (falling head permeameter tests, injection
tests, flowmeter profile, single-packer tests and pumping tests) were carried
out in the unsaturated saprolite and saturated fractured granite. Results show
that the saprolite, is poorly transmissive (Tfs = 3×10−7 to 8.5× 10−8m2 s−1)
and that the most conductive part of the aquifer corresponds to the bottom
of the saprolite and the upper part of the fractured rock (T = 1.0 × 10−3 to
7.0× 10−4m2 s−1). The transmissivity along the profile is mostly controlled by
two distinct conductive zones without apparent vertical hydraulic connection.
The transmissivity and storage coefficient decrease with depth depending on
the saturation of the main fracture zones and boreholes are not exploitable
after a certain depth (27.5 m on the investigated section). The numerous
investigations performed and their complementarity allows a complete quan-
tification with depth of the hydrodynamic parameters along the weathering
profile presented in a conceptual model. Four years long hydrograph obser-
vations which complete these investigations are shown to be relevant as a
first order characterization of the media and diffusivity evolution with depth.
The evolution of these hydrodynamic parameters along the profile has a great
impact on groundwater prospecting, exploitation and transport properties in
such crystalline rock aquifers.
Keywords: crystalline aquifer; India; transmissivity; connectivity; hy-
draulic tests
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1 Introduction
Crystalline aquifers hydrodynamics are studied worldwide, as in Africa (Chilton
and Foster, 1995; Courtois et al., 2010), Europe (Jime´nez-Mart´ınez et al., 2013;
Le Borgne et al., 2006; Roques et al., 2014; Stober and Bucher, 2007; Wyns et al.,
2004), America (Boutt et al., 2010; DesRoches et al., 2014; Paillet, 1998), Australia
(Banks et al., 2009) or in India (Dewandel et al., 2006; Mare´chal, 2010; Perrin et al.,
2011a; Sukhija et al., 2006). Despite some exceptions (Jime´nez-Mart´ınez et al.,
2013; Stober and Bucher, 2007) these aquifers have usually modest productivity
rates (Chilton and Foster, 1995; Courtois et al., 2010; MacDonald et al., 2012).
However, many countries in arid and semi-arid areas rely on them for irrigation and
domestic uses as they are widespread. In India 60% of irrigation water comes from
groundwater (Shah et al., 2003) with 26–28 million abstraction structures (Mukherji
and Shah, 2005). This extensive use has already lead to significant water table de-
pletion resulting from an unbalanced groundwater budget (Mare´chal et al., 2006;
Reddy et al., 2009) in a country where the water demand is expected to increase
(Kumar et al., 2005). These aquifers are therefore of prime importance for support-
ing economic activities and livelihoods in rural communities (Aulong et al., 2012)
where, as shown by Fishman et al. (2011), agricultural production is directly re-
lated to groundwater availability. A good understanding of these aquifer properties
is crucial to develop management tools such as decision support tool (Dewandel
et al., 2010),predictive modeling (Ferrant et al., 2014), and to control water quality
in zones affected by important irrigation return flow (Perrin et al., 2011b; Pettenati
et al., 2013).
Crystalline rock aquifers are mainly composed of metamorphic and magmatic
rocks of precambrian or Archean ages and present in a tropical environment a typ-
ical weathering profile with variable hydraulic conductivity and porosity (Acworth,
1987; Dewandel et al., 2006; Gustafson and Kra´sny´, 1994). Based on geological and
hydrodynamic properties, the weathering profile is usually constituted from top to
bottom by saprolite, fractured rock and fresh or un-fractured rock (Banks et al.,
2009; Chilton and Foster, 1995; Dewandel et al., 2006; Mare´chal et al., 2004; Taylor
and Howard, 2000; Wyns et al., 2004). Previous hydrogeological studies focusing
on weathered crystalline aquifers have shown that groundwater flows predominantly
in tens of meters of a thick higher-permeability zone (”active” zone) that overlies
a deeper lower-permeability zone (”inactive” zone) hosting little flow (Mayo et al.,
2003). Within this heterogeneous media, most of the flow is localized in fractures,
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the hydraulic conductivity being dependent on the connectivity between the frac-
tures (Guihe´neuf et al., 2014).
Studies based on numerous boreholes, at the watershed scale (Dewandel et al.,
2006; Drew et al., 2001; Mare´chal et al., 2004) show that the conductive fracture
frequency in the fractured zone and the well productivity decrease with depth. A
recent study by Guihe´neuf et al. (2014), also shows that the horizontal connectivity
decreases with depth: where water levels are high (e.g. in the saprolite) a regional
flow can be observed while in where water levels are low (e.g bottom of the fractured
zone) the flow is controlled by the limited fracture connectivity with brutal discon-
nection of the boreholes which may lead to the compartmentalization of the aquifer.
It is also noted in that study that various pumping tests showed that the overall
transmissivity is significantly lower when the water levels are lower (transmissivity
decreases by a factor of two for a decrease of water level of only 6 m) and that the
flowing zone is often controlled by a very limited number of conductive fractures
(one or two per borehole).
Given the implications of these observations, more detailed studies are needed to
understand the vertical evolution of hydraulic properties in weathered and fractured
crystalline rock aquifers. In particular, few investigations have been carried out
on the unsaturated saprolite, and flow behavior remains difficult to predict due to
limited data sets. Despite being often unsaturated the saprolite may be saturated at
some locations or after strong monsoon events. In this case the saprolite is considered
as an important storage reservoir. As well the saprolite hydrodynamic properties
are of importance to properly estimate recharge processes. Secondly, most of the
hydrogeological studies rely on averaging hydraulic data from numerous boreholes
and to date limited characterization has been done at the local scale to investigate
precisely how hydraulic properties vary by depth in weathered crystalline rocks
aquifers in south Indian context. Description of how storage coefficient evolves by
depth using direct local measurement is not yet available. Finally, while most studies
concentrate on the more productive contact between saprolite and fractured zone,
few data are available to describe fracture properties at greater depths although due
to the spread of overexploitation the remaining accessible water lies in the deepest
part of the boreholes.
The present study set out to address these needed points by a complete quan-
tification of the hydrodynamic parameters along a vertical profile. In this study,
detailed investigations are presented on (1) transmissivity and storage coefficient
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evolution by depth, (2) hydrodynamic properties of the saprolite, and (3) detailed
characterization of the interface between saprolite and fractured granite. The hy-
draulic parameters’ vertical evolution is estimated for the full weathering profile,
including the unsaturated saprolite. Quantification is obtained using complemen-
tary approaches, which include falling head borehole permeameter tests, packer
tests, flowmeter hydraulic tests, temperature loggings, pumping tests and recession
curve. Those hydraulic investigations are performed at a research site located in the
Archean granite of India and consisting of a set of boreholes dedicated to hydroge-
ological experiments.
2 Study area
The Experimental Hydrogeological Park (EHP) is situated near Choutuppal village
in Andhra Pradesh state, 60 km south-east of Hyderabad (Latitude : 17°17′47′′N;
Longitude : 78°55′12′′E) (Figure 1). The EHP sits above Archean granite which
represents about 66% of Andhra Pradesh state. The granitic formation can be
intruded locally by geological discontinuities such as dyke or quartz reef (Dewandel
et al., 2011; G.S.I., 2005; Perrin et al., 2011a) but the EHP does not present such
discontinuities. Twenty eight boreholes were drilled at different depths and cross
cut the weathered rock and the bedrock (Table 1). The typical geological profile
in the EHP was obtained by drilling cuttings analysis and follows the lithological
description by Dewandel et al. (2006). Figure 2 displays the geological profile of
borehole CH3 which from top to bottom consists of two meters of sandy regolith
and about fifteen meters of saprolite which overlies fractured granite. The saprolite is
derived from in situ weathering of granite and can exhibit preserved and conductive
fractures. This weathered rock presents a laminated structure mainly at the bottom
of the saprolite. Soil is limited to a few centimetres (0–10 cm) of red soil with a
sandy-clay composition typical of the soils of the region (de Condappa et al., 2008).
The Andhra Pradesh region has a semi-arid climate and a mean annual temper-
ature of 28 with a maximum of 45 during the dry season. The Andhra Pradesh
region is highly dependent on a variable monsoon which occurs from June to Novem-
ber with a mean annual rainfall in the Choutuppal area of 690 mm. This mean
annual rainfall is often insufficient to replenish the intensively pumped groundwater
resources for irrigation of agricultural lands. Water levels on the site are highly
variable depending of the monsoon and usually range between 10 to 20 m below
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ground surface. Water level monitoring at the EHP site for the past four years has
shown that only one monsoon has significantly recharged the aquifer. Consequently,
the water table has decreased drastically and the saprolite is usually unsaturated.
A well hydrograph of the borehole CH3 for the period 2008–2013 will be presented
later in the result section.
EXPERIMENTAL HYDROGEOLOGICAL PARK
500 km
INDIA
(modified from d-maps.com)
100 km
HYDERABAD
EHP
ANDHRA PRADESH STATE
CH9
CH4
CH6
CH5
CH8
CH7
CH15
CH17
CH16
CH10
CH11
CH18
CH20
CH19
CH3
CH13 CH12
CH14
CH10S
CH10L
CH3S
CH3L
CH21
CH22
CH23 CH24
30 mN
Figure 1: Location of the EHP within the NGRI Choutuppal campus (boundaries high-
lighted in black); the project piezometers are indicated by dots.
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Figure 2: Geological log of CH3 borehole.
3 Methodology
Several investigation methods (falling-head borehole permeameter tests, flowmeter
tests, temperature logging, packer tests and pumping tests (Table 2) were performed
to locate in detail the main heterogeneities of the system and to determine the evolu-
tion of the hydrodynamic parameters (T, S) by depth in the unsaturated (saprolite)
and saturated (bottom of saprolite and fractured) zones. Those experiments con-
centrate mostly on borehole CH3 (Figure 1 and 2).
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Table 1: Boreholes characteristics of the Experimental Hydrogeological Park in Choutup-
pal (Andhra Pradesh, Southern India). Boreholes location is provided in the UTM pro-
jected coordinate system. Borehole depth and casing depth are given in meters below
ground surface. Drilling diameters are identical for all boreholes (210 mm in the saprolite
and 165 mm in the granite). Casing diameter is 180 mm in all boreholes.
Name of
borehole
X Y Elevation
Borehole
depth
Casing
depth
Estimated
saprolite’s
thickness
(m) (m) (m amsl) (m bgs) (m bgs) (m)
CH1 279075.05 1913316.12 365.69 73.20 23.90 24.00
CH2 279120.68 1913296.32 366.31 73.20 18.75 19.00
CH3 278906.31 1913534.27 365.63 50.30 14.20 14.70
CH3-L 278904.34 1913535.85 365.69 14.70 14.70 14.50
CH3-S 278906.66 1913536.81 365.58 22.80 14.60 14.70
CH4 278787.66 1913518.59 367.45 73.20 15.70 14.45
CH5 278846.82 1913527.63 366.66 73.20 17.30 16.45
CH6 278817.45 1913523.11 366.96 73.20 17.25 17.35
CH7 278909.21 1913502.31 365.11 61.00 15.90 14.10
CH8 278876.59 1913531.05 366.11 61.00 17.30 18.00
CH9 278793.33 1913488.97 367.87 73.10 13.70 13.00
CH10 278935.78 1913537.14 364.97 70.00 18.00 17.00
CH10-L 278935.11 1913539.79 364.82 16.50 16.50 16.50
CH10-S 278937.64 1913539.51 364.79 22.80 16.70 16.00
CH11 278904.75 1913564.44 365.70 56.40 21.00 19.50
CH12 278911.70 1913536.59 365.57 56.40 15.00 14.80
CH13 278899.41 1913538.17 365.82 51.85 16.00 16.00
CH14 278924.14 1913535.76 365.24 56.40 18.30 17.90
CH15 278949.36 1913522.31 364.60 56.40 18.30 17.90
CH16 278956.63 1913558.42 364.61 56.40 17.30 15.20
CH17 278984.66 1913545.60 364.11 50.30 15.50 14.70
CH18 278914.12 1913576.32 365.57 50.30 19.80 21.35
CH19 278925.00 1913590.53 365.31 45.70 16.70 22.85
CH20 278903.75 1913582.33 365.42 54.85 23.00 22.85
CH21 278870.10 1913570.95 365.96 12.95 10.95 -
CH22 278860.12 1913573.08 365.95 7.70 5.80 -
CH23 278859.24 1913563.11 366.06 11.20 9.05 -
CH24 278868.41 1913562.03 366.08 4.30 2.15 -
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3.1 Unsaturated zone experiments
Before the overexploitation of groundwater resources in Southern India, dug wells
were excavated to reach groundwater. Most dug wells were excavated only to the
top of the fractured granite because of the hardness of the granite below. The dug
wells on the outskirts of the EHP are usually dry. This allows a view of the verti-
cal structure of the saprolite and the top of the fractured granite. A picture of a
16 m depth dug well (Figure 3a) with a schematic representation of the geological
profile (Figure 3b) illustrates the weathering profile down to the top of the gran-
ite. The saprolite presents a laminated structure with preserved fractures which
can contribute to preferential flow pathways (Dewandel et al., 2006; Perrin et al.,
2011a). The top of the granite displays here several fractures which may contribute
significantly to groundwater flow. However, it is actually quite difficult to clearly
dissociate the bottom of the saprolite and the top of the fractured granite since the
transition is progressive. Knowledge on the saprolite properties is currently lim-
ited. Since after some important monsoon events it may be saturated it is also an
important constituent of the hydrodynamic system. Therefore the hydrodynamic
properties are estimated in this study even if in unsaturated conditions at the time
of the study. Note also that the saprolite is of major importance in recharge pro-
cesses (both natural and artificial) in unsaturated conditions.
Saprolite with
preserved
fractures
Bottom of 
the saprolite
Top of the 
granite
End of the dugwell
a) b)
Solid PVC
Uncased
4.3 m 7.7 m 11.2 m 14.7 m
c)
~2 m
~1 m
Figure 3: a) Pictures of a nearby dugwell b) Interpretation of the weathering profile c)
Experimental protocol for falling-head borehole permeameter in the saprolite.
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Table 3: Permeameter tests informations.
Borehole Configuration
Depth Tinj Vinj H0 ∅ Tinfiltr
(m) (min) (l) (m) (m) (min)
CH3L Vertical 14.7 10 167 1.73 0.180 9.2
CH22 Vertical - radial 7.7 12 67 2.22 0.165 > 655
CH23 Vertical - radial 11.2 9 50 2.01 0.165 > 673
CH24 Vertical - radial 4.3 10 56 2.16 0.165 > 689
To estimate the variability of transmissivity with depth, four boreholes were
drilled few days before the tests in February 2013 in the saprolite at various depths
(Figure 3c – CH24: 4.3 m; CH22: 7.7 m; CH23: 11.2 m; CH3L 14.7 m) and falling-
head borehole permeameters tests were conducted (Philip, 1993; Reynolds, 2010,
2011). Boreholes CH22, CH23 and CH24 were cased except for the last two meters
allowing vertical and radial flows on the uncased section (Figure 3c). Borehole CH3L
was drilled 14.7 m deep and equipped with a plain casing extending into the saprolite
which allowed only vertical infiltration. The details of the tests are given in table 3.
The method of falling-head borehole permeameter test interpretation used was
first proposed by Philip (1993) for lined boreholes and was recently extended by
Reynolds (2011) for different borehole configurations (i.e. vertical discharge only,
radial discharge only or combined vertical-radial discharge). This new analytical
solution proposed by Reynolds (2011) allows estimating field-saturated hydraulic
conductivity and sorptive number (measure of capillary suction) in an assumed
homogeneous vadose zone. This method simply consists of monitoring the water
level after the sudden injection of a volume of water into the borehole. It may result
in an over- or under-estimation of field-saturated hydraulic conductivity compared to
steady-flow methods (Reynolds, 2010, 2011). Nevertheless, this method was chosen
in this study because it provides a first approach to estimate hydraulic conductivity
of the saprolite when the expected low hydraulic conductivity makes controlled
steady flow conditions difficult to reach. Moreover, the borehole drilling techniques
available do not allowed to extract undisturbed saprolite samples with preserved
structure to obtain accurate hydraulic conductivity estimates as requested for more
conventional methods based on soil water content pressure head curves (Fredlund
and Xing, 1994; Van Genuchten, 1980) or pedotransfer methods (Mbonimpa et al.,
2002).
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The interpretation of the tests is done using the Reynolds (2011) solution is
defined as the following:
t =
CEr
2
2
4r0Kfs
τE (1)
Where
τE =
(
1 +
1
2AE
)
ln
(
A3E − 1
A3E − ρE3
)
− 3
2AE
ln
(
AE − 1
AE − ρE
)
+
√
3
AE
[
tan−1
(
AE + 2ρE√
3AE
)
− tan−1
(
AE + 2√
3AE
)]
(2)
CE = const = 1 (3)
A3E =
3r22 (H0 + α
∗−1 + CEGE)
4r30∆θ
+ 1;GE = const (4)
ρ3E =
3r22 (H0 −Ht)
4r30∆θ
+ 1 (5)
Where Ht [L] is the effective pressure head in the borehole screen at time t
(Ht=H0 at t = 0), r2 the reservoir radius [L], L the permeable section of the screen
wall and r0 is defined as the following:
r0 =
a
2
(6)
for vertical discharge only,
r0 =
(
a2
4
+
aL
2
)1/2
(7)
and for combined and radial discharge.The solution is achieved through iterative
adjustment of Kfs and α
∗, by:
min
[
n∑
i=1
(
tDatai − tAnalyi
)2]
(8)
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3.2 Saturated zone experiments
3.2.1 Identification of conductive fracture zones (CFZ)
To locate the main permeable fractures, multi-parameters logging was used in all
boreholes with CTD divers (Temperature and Specific Conductivity) and multi-
parameters OTT probe (Temperature, Specific Conductivity, pH, Dissolved Oxygen
and Redox Potential). Temperature profiles were mainly used to locate main per-
meable fractures and numerous results are presented in a previous study (Guihe´neuf
et al., 2014). Both instruments provide measurements with an accuracy of ±0.1
and all profiles were performed in order to provide a measurement every ten to twenty
centimeters. Replication of the measurements has been systematically checked in
both up and down logging. If temperature anomalies in the temperature profile are
measured during logging, these anomalies can indicate the presence of permeable
fractures (Keys, 1990). The temperature anomalies or gradient may be related to
vertical water circulation between permeable fractures within boreholes (Chatelier
et al., 2011; Klepikova et al., 2011) but some permeable fractures may also not be
detected if a temperature contrast is absent or if the flow is too low.
Because of some uncertainty in using temperature logging to locate the main per-
meable fractures, a single-borehole flowmeter test was also performed in borehole
CH3. Even if single-borehole flowmeter tests provide better results in pumping con-
ditions, the test was performed under injection because of typically low water table
conditions, high sensitivity of the response to hydraulic perturbation (i.e. pump-
ing or others hydraulic tests) and low number of conductive fractures. To detect
the main conductive fracture zones, a propeller flowmeter with a detection limit of
0.025 m s−1 was used. The water level in borehole CH3 before the injection test was
17.5 m below ground surface and the injection was conducted with an injection rate
of 68 `min−1 with measurements every 0.5 m.
Analysis of water level recession in borehole CH3 after a significant recharge in
2010 will be also presented as it highlights the location of the main flowing fractures
detected with previous methods.
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3.2.2 Estimation of hydrodynamic properties
To provide a depth-distribution of hydrodynamic properties of the main permeable
fractures detected from temperature logging and single-borehole flowmeter tests,
several single hydraulic-packer tests were conducted in borehole CH3 with short
duration pumping tests. The protocol consists of separating two zones in the bore-
hole by inflating a single packer and pumping below the packer in order to measure
drawdown above and below the packer. Four single hydraulic-packer tests were per-
formed in borehole CH3 between the main flowing fractures zones at depths of 15.5,
17.8, 21.5 and 24.5 m from the bottom of the packer below ground surface. Two
single hydraulic-packer tests were also performed below the last flowing fractures at
27.5 and 30.5 m below ground surface to solicit the granite matrix and assess the
possible presence of minor fractures. Both single hydraulic-packer tests at 15.5 and
17.8 m in depth were conducted under high water level conditions, when the water
level was about 11 m below ground surface. The pumping durations were between
two and three hours with a discharge rate of 0.4 and 1.7 m3 h−1 respectively. The
other tests were performed under low water level conditions meaning that the first
conductive fracture zone was dewatered. As packer tests were carried out at differ-
ent pumping rates, drawdowns were normalized to the pumping rate of 1 m3 h−1 in
order to facilitate comparison of results. Hydraulic responses in observation bore-
holes CH7 and CH8 will be also presented and interpreted for each depth. Details
of the tests are given table 4.
Those tests are complemented with previous pumping tests analyzed in Guihe´neuf
et al. (2014). All single hydraulic-packer tests were interpreted with the Agarwal
(1980) method and the Theis (1935) solution. Due to the particular shape of the
derivative of the packer test at 17.8 m depth this test was analysed using the Butler
(1988) solution.This solution considers a pumping borehole which fully penetrates
the aquifer and is situated in the center of a disk of radius R corresponding to
the inner domain. This inner domain is embedded in another reservoir, the outer
domain, with different hydrodynamic properties (T and S). In order to compare
all results, the same solution is used for every test for the single packer tests. All
performed tests are summarized in table 2. This approach is further complemented
by the observation of the recession of the water level in the CH3 borehole for four
years.
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Table 4: Packer test informations.
Solicited
borehole
Observation
boreholes
Packer
depth
Water
level Zone
Section Q Ttest
(m) (m) From to (m3 h−1) (min)
CH3 CH7 - CH8 15.5 10.95 Above 10.95 15.5 0.40 80
CH3 CH7 - CH8 15.5 10.95 Below 16.50 50.3 1.77 80
CH3 CH7 - CH8 17.8 11.32 Above 11.32 17.8 1.77 220
CH3 CH7 - CH8 17.8 11.32 Below 18.50 50.3 1.77 220
CH3 CH7 - CH8 21.5 18.60 Above 18.60 21.5 1.18 115
CH3 CH7 - CH8 21.5 18.60 Below 22.50 50.3 1.18 115
CH3 CH7 - CH8 24.5 19.24 Above 19.24 24.5 1.12 43
CH3 CH7 - CH8 24.5 19.24 Below 25.50 50.3 1.12 43
CH3 CH7 - CH8 27.5 19.05 Above 19.50 27.5 1.08 20
CH3 CH7 - CH8 27.5 19.05 Below 28.50 50.3 1.08 20
CH3 CH7 - CH8 30.5 19.10 Above 19.00 30.5 0.80 10
CH3 CH7 - CH8 30.5 19.10 Below 31.50 50.3 0.80 10
4 Results
4.1 Unsaturated zone experiments
Figure 4 presents all falling-head borehole permeameter tests and their interpre-
tations with the analytical solution of Reynolds (2011). The fitting parameters
include the field-saturated hydraulic conductivities (Kfs), the sorptive number α
∗
(measure of capillary suction) and the parameter ∆θ, corresponding to the dif-
ference between the field-saturated and antecedent volumetric soil water contents.
For all falling-head borehole permeameter tests, the parameters CE (flow efficiency
correction from spherical flow (Philip, 1993)) and GE (gravity effect) were fixed re-
spectively to 1 (no correction) and 0 (negligible effect) as assumed by the Reynolds
(2011) solution. The analytical solution provides good fit of the data. For combined
vertical-radial discharge, the field-saturated hydraulic conductivities (Kfs) for 4.3,
7.7 and 11.2 m depth tests were estimated respectively at 3.4× 10−8, 1.2× 10−7 and
5.1× 10−8m s−1 wich represent equivalent transmissivities (Tfs) 8.5× 10−8, 3× 10−7
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and 1.3× 10−7m2 s−1 (Table 5). For the falling-head borehole permeameter test
with only vertical discharge carried out on borehole CH3L at 14.7 m depth, the
field-saturated equivalent transmissivity was estimated at 8.1× 10−5m2 s−1. This
last value is significantly higher than the other field-saturated transmissivity values
estimated at shallow depths. According to all falling-head borehole permeameter
tests and their locations, the bottom of the saprolite and/or the top of the fractured
granite appears more permeable than the upper part of the saprolite by a factor of
two to three orders of magnitude. Other fitting parameters are given in table 5.
K
fs
 = 8.1 x 10
-5
 m s
-1 K
fs
 = 1.2 x 10
-7
 m s
-1
K
fs
 = 5.1 x 10
-8
 m s
-1
K
fs
 = 3.4 x 10
-8
 m s
-1
Figure 4: Normalized hydraulic head versus time during falling head borehole permeame-
ter tests and model from Reynolds (2011).
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Table 5: Falling head permeameter results.
Name of
borehole
Depth
(m)
Flow
model
Fitted parameters Assumed parameters
Kfs (m s
−1) ∆θ
α∗
(m−1)
GE CE
CH21 4
Vertical
radial
3.4× 10−8 0.3 10 0 1
CH22 8
Vertical
radial
1.2× 10−7 0.2 10 0 1
CH23 10
Vertical
radial
5.1× 10−8 0.3 10 0 1
CH3L 15 Vertical 8.1× 10−5 0.1 10 0 1
4.2 Saturated zone experiments
4.2.1 Temperature logging
The local geothermal gradient, shown by a dashed line in figure 5, is estimated
to be about 0.0185m−1 from the CH5 profile where only small and superficial
temperature perturbations were observed. This temperature gradient is higher than
the one ((0.0114m−1) measured at the same site in nearby boreholes at greater
depth (100–300 m) by Akkiraju and Roy (2011). Nevertheless it agrees with the
shallow (< 50m deep) temperature gradient which is higher most probably due to
a recent cooling of ≈1 over the past ≈39 years probably linked to local changes
to surface vegetation (Akkiraju and Roy, 2011). The water temperature log in
borehole CH3 shows a nil thermal gradient between 15 and 27 m depth (Figure 5).
This temperature anomaly may be related to water circulation between permeable
fractures located in this section of the borehole. This possible flow supposes the
existence of a transmissive fracture at 27 m and a higher hydraulic head at the
bottom of the saprolite compared to the deeper fracture. Additional tests as injection
and flowmeter tests are needed to confirm this observation.
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Local geothermal 
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Figure 5: a) Flow and temperature measured in borehole CH3, b) Water level during
injection in CH3, CH7 and CH8 ; c) Water level during recovery period after injection.
4.2.2 Injection and flowmeter test
The results obtained for the single-borehole flowmeter test carried out in borehole
CH3 during the injection test and its recovery period are also presented in figure 5.
The water level monitoring during the injection test is presented in figure 5b and
shows a sudden rise followed by a direct stabilization at 15.7 m bgs (Figure 5a). This
suggests the existence of a high conductive fracture zone (CFZ1) at this depth, able
to evacuate the amount of water injected during the test (Qinj = 68 `min
−1). The
location of this first conductive fracture zone is consistent with the observations
from down-hole camera logging and with temperature profiles in borehole CH12
located a few meters away. The obtained flowmeter profile shows a steep decrease
of the flow rate between 16.5 and 18.5 m in depth (Figure 5). No measurements
were possible between 15.7 and 16.5 m but a continuity of the CFZ1 is supposed.
Most of the injected water flows within the aquifer through this interval. Deeper,
the vertical flow in the well suddenly decreases below the limit of detection at 21 m
deep (CFZ2). Beyond this depth, no flow is measurable. Drawdown measurements
in wells CH7 and CH8 (located 30 m away) exhibit a fast response of the aquifer
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(Figure 5b) showing a good diffusivity between CH3 and these wells. Therefore,
in this well and from this information, mostly two fracture zones are hydraulically
active and the horizontal connection with nearby boreholes is shown.
4.2.3 Single-borehole hydraulic-packer tests
Normalized drawdowns (Figure 6) for the packer tests at 15.5, 17.8 and 21.5 m
depth increased with the depth of investigation. Derivative and interpretation are
presented figure (Figure 7). During the test at 24.5 m (not shown), the high draw-
down led to a fast dewatering of the water level logger. Similarly, the pumping tests
carried out below packer equipment at 27.5 and 30.5 m deep quickly dewatered the
well. Those responses show that the transmissivity beyond 27.5 m is extremely low.
Depth dependent transmissivity values have been computed on table 6. Those ob-
servations show that the transmissivities are high at the saprolite bottom / top of
the granite but decrease quickly at deeper levels. It further shows that there is no
major CFZ beyond 27.5 m depth.
The drawdowns observed above the packer while pumping below are high for
the two upper tests done during high water level conditions (at 15.5 and 17.8 m).
This suggests a good vertical hydraulic connectivity between both zones located
above and below the packer. During tests with the packer located at a depth of 21.5
m or below, no drawdown is observable above the packer. These results indicate
that local vertical connectivity exists at shallow depth (in CFZ1) while it does not
exist deeper (in CFZ2). Note that the deeper tests were performed under low water
level conditions while CFZ1 was unsaturated, which prevents conclusions about the
vertical connectivity at the aquifer scale between CFZ2 and CFZ1.
During the packer tests in CH3 (Figure 6b), the surrounding boreholes CH7
and CH8 were monitored. During the packer test at 15.5 m no reaction in the
surrounding borehole is observable due to a low pumping rate (0.4 m3 h−1) and a
short duration. However, during the injection test, for the flowmeter measurements,
a quick and strong increase of the water level was observed (Figure 5) en hence
connection between the wells exists. For the deeper tests, normalized drawdowns
in CH7 and CH8 are similar and increase with the depth of investigation (Table 6).
Measured maximum normalized drawdowns are about 0.07, 0.9 and 1.6 m when the
packer is located respectively at 17.8, 21.5 and 24.5 m. It shows that despite a strong
decrease of transmissivity a rapid response is always observable and hence horizontal
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connectivity remains. Deeper, during the test at 27.5 m, only a small response is
observable (7 cm). Reasons for the small drawdown or no reaction during the tests
at 15.5 and 17.8 m and the tests at 27.5 and 30 m are different. For the upper tests
the responses are controlled by the high transmissivity and storage coefficient with
a low drawdown in CH3 (below 20 cm) and consequently in CH7 and CH8, while
deeper the responses or lack of responses are controlled by a low transmissivity and
connectivity (Figure 5c; high drawdown in CH3; above 1 m during those tests). No
response for the test at 30 m shows the lack of significant horizontal fractures below
this depth.
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Figure 6: a) Normalized drawdown in pumping well (CH3) b) Hydrogeological logging
of CH3 well with packer experiments location c) Normalized drawdown in observation
boreholes during packer tests.
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Figure 7: Specific drawdown, derivatives and interpretation of the packer tests.
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4.2.4 Recession curve
The evolution of the water level in borehole CH3 from June 2009 to June 2013 is
presented in Figure 8. During this period, among the four monsoon events only
the 2010 rains significantly replenished the aquifer with an important rise of the
water levels. After this replenishment, a long recession period occurred starting in
December 2010. By locating on the figure the main features of the aquifer profile
(bottom of the saprolite, main fractures identified in CFZ1), interestingly it appears
that those major structures are located at each change of the recession slope. Since
no pumping occurs directly on the site, the direct effect of the surrounding pumping
is buffered by the aquifer media. The different recession slopes are dependent on
the aquifer characteristics and the surrounding pumping in the different boreholes
driven by cropping patterns. In 2011 the dominant crop in the area surrounding the
EHP was paddy rice while in 2012 it was predominantly cotton production. During
phase 1 noted in the figure, water levels are in the saprolite and all the conductive
fracture zones are saturated. Due to water availability and easy extraction, pumping
in the surrounding area is high, rice then being the main cultivated crop. During
this period, since the extraction rate and the transmissivity are high a During phase
2, despite the fact that the saprolite is unsaturated and the water stock available is
less high, the most transmissive zones are still accessible and a high pumping rate
and quickly established equilibrium prevail. The slope remains steep. During phase
3, the main fractures of the conductive fracture zone (CFZ1) are unsaturated and
therefore the equilibrium with the surrounding pumped area is assured only by a
lower transmissivity zone (CFZ2) and is slowed. Dewatering of this upper conductive
fracture zone at large scale should have reduced yield in adjacent agricultural wells
and hence decreased the extracted volume, the farmers shifting from rice to cotton.
During phase 4, the water levels are very low and hence the connectivity with
the surrounding media is low (Guihe´neuf et al., 2014). Change in water levels is
then constrained by the low matrix transmissivity and the slope is less steep than
previously.
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Figure 8: Water level evolution in borehole CH3. Changes in the recession slope are in
accordance with geological observations.
As transmissivity decreases with depth, the recession slopes become less impor-
tant. However, since the farmers adapt their crop production to the water availabil-
ity (Aulong et al., 2012; Fishman et al., 2011) it is not possible to make a quantitative
estimate of the transmissivity change although it could be a very interesting and
cheap method to estimate hydraulic properties’ variations by depth. This change
reduces the water volume extracted. Moreover as the groundwater table drops more
boreholes become dry or less productive and therefore fewer boreholes are used. This
example clearly illustrates the direct impact of the evolution of the hydrodynamic
parameters on irrigation practices and a need for an adequate knowledge of their
evolution.
134
Structure des e´coulements et proprie´te´s hydrodynamiques
5 Discussion
5.1 Hydrodynamic profile
This study quantifies the vertical evolution of hydrodynamic parameters across lay-
ered zones. It is shown that such a complete quantification is a complex task which
required complementary approaches and experiments in both saturated and unsat-
urated zones (Table 2). Results presented here are complemented with results from
previous pumping tests on the same site (Guihe´neuf et al., 2014). Synthesis of the
information presented in figure 9 with the interpreted model as continuous line. This
highlights a discontinuous repartition of the transmissive zones.
Saprolite
Granite
Sandy Regolith
Lithology
Figure 9: Typical transmissivity and storage coefficient profiles by depth from borehole
CH3. Data points are obtained from several hydraulic tests. Continuous lines represent
the conceptual model.
From top to bottom, numerous infiltration tests performed on the area (de Con-
dappa (2005) on Maheshwaram watershed) show that the infiltration rate of the red
soil present in the area is usually relatively high. According to our results, it de-
creases quickly in the saprolite to transmissivity values ranging from 3× 10−7m2 s−1
to 8.5× 10−8m2 s−1 in the top 10 m (Figure 9). The low transmissivity of the sapro-
lite often is related to clay content in the profile which is a result of the weathering
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processes. Generally, saprolite is considered to be an interesting reservoir for water
storage due to a porosity as high as 10% (White et al., 2001; Wyns et al., 1999)
while the fractures ensure the transmissive role of the aquifer (Chilton and Foster,
1995; Dewandel et al., 2006). However, despite this general low transmissivity, pre-
served fractures in the saprolite could also be preferential flow pathways for water
as suggested by Dewandel et al. (2006) and Perrin et al. (2011a). Nevertheless, most
of the saprolite matrix is of low transmissivity.
The deepest permeameter test performed in borehole CH3L at a depth of 15
m exhibits a larger transmissivity (8.1× 10−5m2 s−1). This test performed at the
bottom of the saprolite marks the beginning of the fractured zone at the top of
the granite whose delimitation is difficult to define exactly from the available in-
formation. This increase of transmissivity is confirmed in the saturated zone by
the packer tests at 15.5 m and 17.8 m with measured transmissivities above the
packer of 7.4× 10−4m2 s−1 and 9.5× 10−4m2 s−1 respectively and 9.0× 10−4m2 s−1
and 1× 10−3m2 s−1 respectively below the packers. This section named here CFZ1
constitutes the most transmissive part of the profile (Figure 9). Presence of this
CFZ2 is confirmed by injection/flowmeter tests (Figure 5b and 5c) and video cam-
era (Figure 2). The similarity of the responses to pumping above and below the
packer show that vertical flow may occur on this section of the profile. Pump-
ing tests under high water level conditions assess this upper section of the profile
and show that the storage coefficient is important with an estimated average of
9.7× 10−3 (Guihe´neuf et al., 2014). In the studied crystalline aquifer, the heteroge-
neous fracture zone at the contact just below the saprolite controls a large part of
the aquifer properties/potential. Note that this highly conductive fractured zone,
here a few meters thick, may reach, in cases of developed profiles, more than ten
meters (Wyns et al., 2004).
Deeper, in CFZ2 between 24.5 and 27 m packer tests and pumping tests show
a high transmissivity 7.5× 10−5m2 s−1 but a low storage coefficient of 6.3 × 10−6
(Figure 9). This consideration is important as during the dry period only CFZ2
provides water. CFZ2 appears to be isolated from the rest of the system, at least
at the investigated scale when CFZ1 is not saturated due to an impervious matrix.
Those deep isolated fractures may appear deeper as in borehole CH4 (50 m bgs)
or in CH6 (60–65 m bgs). However, the presence of deeper fractures has not been
observed on the site below this depth. Although a vertical anisotropy was expected
given that a ratio Kr/Kz of 10 was observed in the region (Mare´chal et al., 2004), ob-
servation of an apparent vertical disconnection between those compartments is new.
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However, the experimental flow conditions prevent a definite conclusion on vertical
connectivity at large scale. Nevertheless, this contrast of local vertical connectivity
into the upper CFZ1 and the deeper CFZ2 is in agreement with the hydrodynamic
response of the aquifer to pumping tests in both zones. An unconfined type response
(S ≈ 10−2) is observed into the CFZ1 given that the water level can fluctuate in
vertical fractures. A confined response (S ≈ 10−5) is observed into the CFZ2 as
the water is predominantly confined to horizontal fractures. The interpreted pro-
file (Figure 9 – Continuous line) consider that the transmissivity between the two
CFZ as well as the storage coefficient is very low since no increase was measured,
no fracture were observed by both injection/flowmeter test. Therefore this part is
considered as impervious matrix.
Despite the lack of observed vertical flow between CFZ1 and CFZ2, the reaction
of boreholes CH7 and CH8 to solicitation (pumping or injection) indicate the pres-
ence of horizontal connectivity with dominant horizontal structures as previously
observed (Dewandel et al., 2006; Guihe´neuf et al., 2014; Mare´chal et al., 2004).
Deeper, the packer tests performed at 27.5 and 30 m show a negligible transmis-
sivity but the small reaction on boreholes CH7 and CH8 indicate the presence of
limited fractures. The granitic matrix was not directly quantified but the transmis-
sivity should be less than 10−7m2 s−1.
The structure defined here with the presence of the major CFZ at a depth of 16 to
20 m is in full accordance with the results obtained by Dewandel et al. (2006) on the
Maheshwaram watershed in the same region. Hydraulic conductivity ranging from
2.3× 10−4m s−1 to < 1× 10−8m s−1 agreed also with previously cited estimates. The
present study complements the conceptual model with (1) detailed estimation of the
hydraulic parameters along a single borehole, (2) direct measurement of saprolite
properties and (3) identification of deep fractures separated from the main CFZ.
Those additions allow a clearer understanding of the evolution of well potential at
varying depths.
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5.2 Implications for groundwater management
Knowing this vertical structure and evolution of hydraulic properties, the influence of
decreasing water levels can be better understood. During a significant drop in water
level, several phenomena can occur. First, the well yield will decrease drastically as
soon as the upper CFZ is dewatered (Perrin et al., 2011a). The notion of a critical
water level then comes into play. The yield decrease during water table depletion is
not a linear process but is step-controlled since it is dependent on discrete fractures.
Low water levels imply that before the rainy season the water level is often below
the upper CFZ. Groundwater irrigated agriculture, the main activity in the area,
may not be fully sustained at this period. Erratic monsoons control the recharge
rate. If recharge is low, crops may fail, leading to economic and social stress during
the following months. Mare´chal (2010) described the common thinking in the region
that drilling deeper boreholes would allow farmers to tap more water. The vertical
profile identified here confirms that this is highly improbable and that deep drilling
rarely provides more productive boreholes since it can tap only fractures of limited
storage capacity. This fact leaves farmers with no other option than to adapt their
cropping patterns to borehole yields (Aulong et al., 2012; Fishman et al., 2011). At
present, very few water resources remain unexploited, due to the decrease of water
levels and therefore borehole yields. A general change of cultivated crops in the area
surrounding the study site is observable with a shift from rice (highly irrigated) to
cotton (rain fed crop). In extreme cases when the boreholes run dry, farmers invest
in increasing the number of boreholes and their depth, which in some cases may
have led to bankruptcy and even suicides due to failure to produce enough water to
sustain crops (Mare´chal, 2010).
138
Structure des e´coulements et proprie´te´s hydrodynamiques
5.3 Perspectives
This study show strong dependency of the water level on the boreholes yield and
capacities. Knowledge of the media structure should be provided to farmers to allow
a collective management including a crop planning dependent of the water level. In
case of fractured crystalline rock aquifers, large monitoring programs are difficult to
achieve since it require large data quantity are necessary due to an important hetero-
geneity. Direct monitoring by farmer of the water levels can allow them to generate
those data. Local guidelines with regulation on water extraction in case of low water
levels can allow a safer management. Decisions support tools as the one developed
by Dewandel et al. (2010) help in this direction. To avoid misguided actions, and to
allow efficient groundwater management and enhance farmer adaptability, further
investigations on crystalline aquifer properties should be carried out. Due to the
need for numerous techniques to prepare complete quantification as well as to the
complexity of the hydrodynamic profile, such detailed characterization cannot be
performed everywhere. For example packer tests are time consuming, and require
preliminary characterization to be successful. However, this study shows that use of
recession curves based on long term and high frequency monitoring provides a good,
easy to use proxy for obtaining information on the saturated zone. Development of
networks with such monitoring of water levels (both high frequency and long term)
can be very helpful to generate relevant databases. However, more investigations
are needed to interpret these data in the context of overexploited crystalline aquifer.
One of the main difficulties compared to usual hydrograph analysis as commonly
performed is that the discharge is not natural but is constrained by agricultural
pumping whose accurate measurement on a large scale is difficult to obtain.
Further investigations on the saprolite, which has an increasing importance due
to overexploitation, are also needed. This saprolite is most of the time unsaturated in
large parts of South India. Flow processes within the unsaturated saprolite need to
be clearly understood as they control recharge. Important buffer effects on recharge
have been noticed in natural conditions (Ruiz et al., 2010) and for artificial recharge
systems (Boisson et al., in press) despite in some cases rapid rise of water levels in
boreholes due to heterogeneity and preserved fractures. Moreover, modeling studies
on saprolite hydrodynamics remain scarce (Van der Hoven et al., 2003) and not
specific to the Indian crystalline rocks and climate.
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6 Conclusions
This study describes and quantifies the vertical evolution of hydraulic parameters on
a weathered crystalline aquifer of south India through complementary approaches.
The upper part (saprolite) has good storage coefficient but low transmissivity while
the fractured zone has a higher transmissivity. The first meters of the fractured
granite, just below the saprolite, appear to be the most productive zone despite
limited vertical extension. Deeper, there are fewer horizontal fractures, with sig-
nificant transmissivity and low storage coefficient, which seem disconnected due to
an impervious matrix, but which may provide water. These deep fractures would
be difficult to find through drilling, and attempts to do so would likely fail to yield
much water.
The discontinuous nature of permeability variations by depth is well highlighted
in this study. By showing the limited vertical connection existing in this deeper
zone, this study adds important information concerning the conceptualization of
such aquifers with a poorly fractured zone. The upper part of the fractured zone
appears of prime importance as it controls the aquifer behavior because of an en-
hanced horizontal productivity and because of its good connection all over the wa-
tershed (Guihe´neuf et al., 2014). All these elements are important for addressing
actual problems of groundwater management in India, as overexploitation has led
to lower water tables, loss in well yields, decrease of irrigated crops, energy losses,
and chemical threats as well as the increase of aquifer compartmentalization.
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3.4 Discussion et perspectives
La caracte´risation hydrodynamique des aquife`res du socle cristallin du Sud de
l’Inde a permis d’identifier les structures pertinentes et d’estimer leurs proprie´te´s
hydrauliques. Il apparait qu’a` l’e´chelle du bassin versant, la connectivite´ hydrau-
lique est assure´e par une interface de quelques me`tres d’e´paisseur regroupant la base
de la saprolite et la teˆte du granite fracture´. Cette interface pre´sente des proprie´te´s
inte´ressantes aussi bien du point de vue de sa perme´abilite´ que de sa porosite´, bien
que celles-ci puissent eˆtre tre`s variables spatialement. En revanche, la connectivite´
hydraulique semble fortement diminuer avec la profondeur en raison d’un nombre
plus limite´ de fractures transmissives. De la meˆme manie`re, la porosite´ du syste`me
diminue avec la profondeur. Dans les conditions de basses eaux, le syste`me apparait
tre`s discontinu late´ralement et des compartiments plus ou moins isole´s sont iden-
tifiables. Ces derniers sont assimilables a` des amas de fractures plus transmissives
relativement isole´s dans l’espace, a priori similaire a` ce qui a e´te´ observe´ sur le site
de Mirror Lake aux E´tats-Unis (Hsieh, 1998). Les longueurs de ces compartiments
sont variables mais se situent visiblement aux alentours de quelques centaines de
me`tres.
La diminution ge´ne´rale de la quantite´ d’eau disponible suppose que les niveaux
pie´zome´triques oscillent depuis quelques anne´es autour de cette interface saprolite
– granite (Dewandel et al., 2010). La forte variabilite´ spatiale et temporelle des
pre´cipitations ainsi que l’exploitation intensive du milieu impliquent par conse´quent
des conditions hydrologiques tre`s variables. Le passage d’e´coulements de bassin ver-
sant a` des e´coulements plus localise´s semble, a priori, relativement fre´quent. Les
e´coulements souterrains sont donc fonction de la topographie mais e´galement des
niveaux pie´zome´triques et de la profondeur de la saprolite qui peut eˆtre tre`s variable
dans l’espace. Plusieurs facteurs susceptibles d’avoir occasionne´ une telle ge´ome´trie
de cette interface peuvent eˆtre cite´s comme la variabilite´ de la distribution des
fractures impliquant un avancement plus ou moins important de l’alte´ration, la va-
riabilite´ spatiale de la composition du granite ou encore les diffe´rences de gradients
hydrauliques (Anderson et Anderson, 2010).
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Afin d’e´valuer la variabilite´ de la profondeur de cette interface, la tomographie
e´lectrique semble relativement adapte´e. Les contrastes lithologiques e´tant suffisam-
ment importants, cette interface peut eˆtre de´fini dans certaines conditions par une
valeur proche de 400 Ω m (Braun et al., 2009). L’imagerie e´lectrique offre e´galement
une bonne repre´sentation de la ge´ome´trie des re´servoirs. Cependant, cette me´thode
est inte´gratrice et ne permet pas d’obtenir suffisamment de de´tails pour e´valuer le
degre´ d’he´te´roge´ne´ite´ de ce type de syste`me, pourtant ne´cessaire a` l’implantation
d’un ouvrage productif. Malgre´ tout, cette technique se re´ve`le tre`s utile pour ima-
ger en trois dimensions la profondeur de l’interface saprolite – granite, dans le but,
par exemple, de simuler les e´coulements a` l’e´chelle du bassin versant (Chaudhuri
et al., 2013). Une me´thode plus re´cente, actuellement utilise´e au NGRI, permet
une imagerie haute re´solution et en trois dimensions des proprie´te´s de sub-surface.
Cette me´thode d’imagerie haute re´solution, appele´e SkyTem, utilise la technologie
e´lectromagne´tique ae´roporte´e pouvant cartographier des surfaces tre`s importantes
(Søorensen et Auken, 2004). Cependant, il reste toujours difficile de caracte´riser
l’e´paisseur de l’interface saprolite – granite a` partir de ces me´thodes ge´ophysiques,
bien que cette information soit e´galement importante, pour la gestion de la ressource
en eau. Toutefois, a` partir des donne´es de de´bitme´trie en forage, cette interface,
e´galement appele´e zone de transition, peut-eˆtre estimer aux alentours de 1 a` 3 m en
moyenne (Dewandel et al., 2006).
Parmi les questions qui restent pour le moment en suspens, il y a celle de la
recharge du compartiment plus profond. De quelle manie`re ces compartiments se
rechargent ? Est-ce graˆce a` quelques connexions assure´es par des fractures sub-
verticales ? Est-ce a` travers la remonte´e de ces compartiments permettant des con-
nexions avec l’interface saprolite – granite ? Ou encore, est-ce via simplement un
re´seau de fractures moins de´veloppe´ mais permettant d’assurer la connexion entre
ces deux syste`mes ? Les premiers re´sultats obtenus sur le site expe´rimental sugge`rent
que ces compartiments supe´rieur et infe´rieur sont tre`s mal connecte´s verticalement.
Cependant, il est possible que certaines fractures non identifie´es puissent assurer la
connexion ou bien que le compartiment infe´rieur remonte par endroit permettant
la connexion avec le compartiment supe´rieur. Cette hypothe`se peut eˆtre envisage´e
dans la mesure ou` cet amas de fractures transmissives semble suivre la base de la
saprolite et pourrait eˆtre par endroits plus proche de la surface, comme par exemple
au Sud du site expe´rimental. En effet, ce compartiment est situe´ a` environ de 23 m de
profondeur sur le puits CH7 tandis qu’il est localise´ a` 29 m sur le forage CH11. Cette
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hypothe`se reste cependant plus difficile a` envisager pour les compartiments plus pro-
fonds rencontre´s par exemple sur CH4, ou` les fractures sont situe´es a` plus de 50 m
de profondeur. Cette question pourrait eˆtre aborde´e a` travers l’estimation des temps
de re´sidence selon la profondeur, a` l’aide par exemple des me´thodes ge´ochimiques
de datation des eaux souterraines (Busenberg et Plummer, 1992, 2000). Pour cela,
il serait ne´cessaire d’effectuer les pre´le`vements dans un milieu non exploite´ et si
possible durant la foration afin d’e´viter les me´langes. Par ailleurs, des pre´cautions
sont a` prendre puisque cette donne´e peut se re´ve´ler tre`s sensible et inte´gratrice, il
est donc ne´cessaire de la confronter a` d’autres me´thodes (Leray, 2012).
D’un point de vue hydrologique, ces syste`mes alte´re´s et fracture´s peuvent dore´-
navant eˆtre divise´s en trois composantes plus ou moins transmissives : la saprolite,
l’interface saprolite – granite et les fractures transmissives en profondeur au sein du
granite tre`s peu perme´able. Leurs distributions spatiales ainsi que leurs proprie´te´s
hydrauliques ont pu eˆtre identifie´es, du moins en partie, mais leurs proprie´te´s de
transport n’ont pour le moment pas e´te´ e´tudie´es. Pourtant ces informations peuvent
s’ave´rer tre`s utiles dans un contexte d’exploitation de la ressource en eau, notamment
en permettant une estimation plus pre´cise des temps de transfert d’un contaminant
depuis la surface au puits d’exploitation. Au vu des conditions hydrologiques ac-
tuelles, les transferts dans la saprolite seront principalement verticaux. En revanche,
au sein du reste du syste`me, les transferts se feront majoritairement late´ralement.
La connectivite´ hydraulique de l’interface saprolite – granite e´tant assure´e spatiale-
ment, cela devrait conduire a priori au transport de contaminants sur des distances
relativement importantes. Cette interface pre´sente visiblement une porosite´ plus
grande et donc, a` de´bit de pompage identique, les temps de transfert seront a priori
plus longs compare´s a` ceux pre´dis dans les compartiments infe´rieurs. En condi-
tions de basses eaux, les contaminants seront, d’une certaine manie`re, pie´ge´s dans
le volume infe´rieur. La caracte´risation des proprie´te´s de transport a` l’e´chelle du site
ne´cessite des travaux comple´mentaires dans les trois compartiments du syste`me, par
exemple, en mettant en place des expe´riences de trac¸age de puits a` puits, ou bien des
expe´riences de trac¸age dans la saprolite en contexte non-sature´. Compte-tenu des
conditions hydrologiques sur le site, et de la plus grande difficulte´ d’interpre´tation
des trac¸ages dans un milieu non-sature´, la caracte´risation des proprie´te´s de trans-
port sera tout d’abord aborde´e dans le compartiment plus profond. Ces travaux sont
pre´sente´s dans le chapitre suivant.
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Proprie´te´s de transport a` l’e´chelle
d’une fracture
4.1 Introduction
Ce chapitre est consacre´ a` l’e´tude des proprie´te´s de transport des milieux cristal-
lins fracture´s soumis a` l’alte´ration profonde. L’objectif est d’identifier le roˆle respectif
de l’advection he´te´roge`ne et de la diffusion dans la matrice a` l’e´chelle d’une fracture
ou d’une zone de fractures a` partir de l’analyse des courbes de restitution aux temps
longs. Deux me´thodes d’essais de trac¸age comple´mentaires ont e´te´ mises en place
afin de tester le compartiment infe´rieur sur diffe´rentes e´chelles d’investigation. Suite
a` l’analyse des courbes de restitution en diagramme bi-logarithmique, un mode`le
d’interpre´tation a e´te´ choisi permettant ainsi d’interpre´ter les deux types de tests
selon le meˆme mode`le conceptuel. Les solutions utilise´es sont celles de´veloppe´es par
Becker et Shapiro (2003) qui tiennent compte uniquement des processus advectifs.
Ces solutions semi-analytiques sont pre´sente´es en annexe C.
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4.2 Article : Identification of transport processes
in fractured crystalline rock from different
forced-gradient tracer experiments
conducted in Southern India (Guihe´neuf et
al., en pre´paration)
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Abstract
Identifying dominant transport processes in fractured formation is of prime
importance for aquifer restoration or for prediction of contaminants transfer
in the subsurface. This question remains yet unknown in the overexploited
fractured granite in Southern India while it could significantly lead to im-
provements in reactive transport modeling and aquifer management. In the
present study, we realized forced-gradient tracer experiments to character-
ize physical solute transport processes in weathered and fractured granite of
Southern India (Andhra Pradesh State). Both radially convergent and push-
pull tracer experiments were achieved in the same flowing fractures zone in
the Experimental Hydrogeological Park of Choutuppal developed in a small
area. Radially convergent and push-pull tracer experiments were conducted
with non-reactive tracers to focus on physical processes such as heterogeneous
advection or matrix diffusion. Radially convergent tracer experiments were
carried out for different distances between injection and pumping boreholes
and for different flow configurations. Push-pull tracer experiments were per-
formed at different scales of investigation with or without resting phase to
investigate the impact of matrix diffusion.
All radially convergent tracer experiments have displayed a -2 power law
slope on the late time behavior of the breakthrough curves that is clearly differ-
ent of the late time behavior expected from matrix diffusion. Such power-law
decay can be well modeled with transport models that only take into account
heterogeneous advection. Push-pull tracer tests also suggest the impact of
matrix diffusion to be negligible on the breakthrough curves as shown by 1) a
long duration push-pull tracer experiment with different tracers 2) the com-
parison of pulse push-pull tracer experiments realized with and without resting
phase that did not reveal a significant decline of peak concentration of late
time behaviors between both experiments. In addition, we also showed that
the power law exponent of late time breakthrough curve of push-pull tracer
experiments varies as a function of the scale of investigation. The power
law exponent increases as push time or injected volume increases, in opposi-
tion with model prediction. Although more modeling efforts are required to
demonstrate if this behavior could be related to the coalescence of stream-
lines in push-pull configuration. These tracer experiments highlight the role
of heterogeneous advection on the late-time breakthrough curve in weathered
fractured crystalline rocks. Implications of our results are also discussed in
terms of transport modeling aquifer and groundwater management.
Keywords: cross-hole tracer tests; single-well injection-withdrawal tracer
test; conservative solute transport; channeling of fluid flow; hard rock; semi-
arid region
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1 Introduction
Understanding dominant transport processes in fractured formation is of prime im-
portance for prediction of contaminants transfer from the subsurface or for selection
of deep nuclear-waste repository (Berkowitz, 2002; Bodin et al., 2003). Groundwater
flow in fractured reservoirs occur in small part of rock volume (National Research
Council, 1996) and implies preferential flow paths that conduct contaminants very
quickly from point to point (Tsang and Neretnieks, 1998). The complexity of frac-
tures geometries such as connectivity can significantly affect solute transport because
it can present high-permeability domains that can be separated by low-permeability
domains (Day-Lewis et al., 2000). In general, high-permeability domains are recog-
nized to be dominated by advection while low-permeability domains are character-
ized by diffusion of contaminants (National Research Council, 1996). Nevertheless,
identifying the respective role of advection and diffusion processes remains a diffi-
cult task since many effects can impact on anomalous solute transport in fractured
reservoir such as physical and chemical reactions between solute and rock material
(Bodin et al., 2003). Considering non-reactive solute transport and excluding phys-
ical reactions like sorption process, mass-exchange processes in fractured formation
can be conceptualized as (1) hydrodynamic dispersion and mass spreading at the
fracture scale or into one pathway, (2) heterogeneous advection and mass spreading
associated to adjacent advective pathways, and (3) matrix diffusion related to mass
exchange between mobiles and immobile zones (Becker, 2003).
Many studies about contaminant transport rely on granitic formations because
of their interest for deep nuclear-waste repository (Ohlsson and Neretnieks, 1995).
Numerous of them have highlighted the importance of fluid flow channeling within
fractures (see the review of Tsang and Neretnieks (1998)). Because of rough wall
surfaces and tight fractures, path of least resistances can be formed and conduct
water preferentially (Bourke, 1987; Hakami and Larsson, 1996; Neretnieks et al.,
1982; Pyrak-Nolte et al., 1987). In some cases, it has been shown that only 20%
of fracture plane conduct water into channels (Abelin et al., 1994; Bourke, 1987).
Channeling effect may have also important impact on solute transport for larger
distances (Abelin et al., 1991; de Dreuzy et al., 2012; Tsang et al., 1991). Heteroge-
neous advection induced by fluid flow channeling has been recognized to be the main
solute transport process under forced-gradient tracer experiments in the fractured
crystalline rocks in New Hampshire (Becker and Shapiro, 2000, 2003). Those au-
thors have performed radially convergent and weak dipole experiments in the Mirror
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Lake site by using different conservative tracers to quantify the impact of matrix
diffusion. They have shown that all breakthrough curves have similar late time be-
havior and concluded that matrix diffusion have no significant impact. On the other
hand, Hadermann and Heer (1996) carried out forced-gradient tracer experiments
also with various conservative tracers in the Grimsel granite and have highlighted
the impact of matrix diffusion. In particular, they have shown that some tracer tests
were characterized by a power law slope of -1.5 in the breakthrough curve which is
characteristic of matrix diffusion. Identifying the importance of matrix diffusion
or heterogeneous advection on anomalous transport in fractured rocks appears still
challenging to predict contaminant transfer in such media. Even if fresh plutonic
rocks present low porosity close to 0.5%, weathering of the rock at the sub-surface
and in the vicinity of the fracture will increase porosity which may in turn poten-
tially increase matrix diffusion (Ohlsson and Neretnieks, 1995). This effect could be
more important in highly weathered granite such as the Archean granite of Southern
India (Dewandel et al., 2006). Moreover, dissolution and precipitation of mineral
may smooth fracture walls and consequently reduce channeling effect as suggested
by Sausse (2002).
In this study, we propose to characterize physical solute transport processes in
weathered and fractured granite under forced-gradient tracer experiments. The
identification of dominated transport processes remains yet very poorly studied
in such media although predicting contaminants transfer could significantly help
to aquifer management or aquifer restoration. Complementary tracer experiments
were achieved at the Experimental Hydrogeological Park of Choutuppal (Andhra
Pradesh, Southern India) where a large number of boreholes have been implemented
for hydrogeological research. Radially convergent and push-pull tracer experiments
were conducted with conservative tracers to neglect chemical reactions and focus
only on physical processes as hydrodynamic dispersion and matrix diffusion. Impli-
cations of our results will be discussed in the Indian context, where the intensive
exploitation of groundwater resource has generated a dramatic increase of fluoride
concentration (Pettenati et al., 2013).
154
Proprie´te´s de transport a` l’e´chelle d’une fracture
2 Identification of solute transport processes in
fractured rock from field data
In general, radially convergent tracer tests have shown that solute transport in frac-
tured media displays anomalous behavior which cannot be properly interpreted with
classical solutions of the advection dispersion equation (ADE) (Moench, 1989; Welty
and Gelhar, 1994). The scale dependence of dispersivity or the long tailing of break-
through curves often suggests anomalous solute transport, so-called Non-Fickian
transport (Berkowitz, 2002; Carrera, 1993). The asymmetric shape of breakthrough
curves has especially attracted the attention although many effects can reproduce
this anomalous behavior (Bodin et al., 2003).
Several authors have explained long breakthrough tailing in fractured formation
with matrix diffusion process (Haggerty et al., 2000; Maloszewski and Zuber, 1990,
1993; Meigs and Beauheim, 2001; Moench, 1995). Matrix diffusion corresponds to
mass exchanges between (1) mobile zones related to water movement in the fracture
or in the channels and (2) immobile zones related to stagnant water in the porous
rock matrix or in the fracture (Rasmuson and Neretnieks, 1986). Using numerous
conservative tracers with different diffusion coefficients during same experiment (i.e.
under forced or natural gradient experiments) is certainly one of the best approach
to highlight the evidence of matrix diffusion (Callahan et al., 2000; Garnier et al.,
1985; Jardine et al., 1999; Meigs and Beauheim, 2001; Shapiro, 2001) or to exclude
those impact (Becker and Shapiro, 2000). Another approach consist to analyze the
breakthrough tailing in order to identify for instance the power law slope of -1.5
which is characteristic of matrix diffusion (Hadermann and Heer, 1996; Haggerty
et al., 2000; Shapiro et al., 2008).
Channeling of fluid flow has been recognized also to strongly impact solute trans-
port in fractured formation as it produces heterogeneous advection (Becker and
Shapiro, 2003; Tsang and Neretnieks, 1998). Geological heterogeneities in both
porous and fractured media induce an important range of fluid flow velocities which
affect breakthrough curve as it can produce a tailing close to a power law slope of
-2 (Becker and Shapiro, 2000, 2003; Di Donato et al., 2003; Willmann et al., 2008).
This behavior, so-called “slow advection” (Shapiro et al., 2008; Willmann et al.,
2008) has been observed at early times in long breakthrough tailing then followed
by a -1.5 power law slope at late time, characteristic of matrix diffusion in porous
medium (Gouze et al., 2008; Le Borgne and Gouze, 2008) and suspected in fractured
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formations (Shapiro et al., 2008).
To investigate dominant solute transport processes in geological formation, the
use of several tracer experiments configuration such as push-pull and radially con-
vergent tracer design, has been suggested to be very useful in order to reduce both
the conceptual model and parameters uncertainty (Becker and Shapiro, 2003; Meigs
and Beauheim, 2001; Nordqvist et al., 2012; Tsang, 1995). Push-pull tracer exper-
iment, so-called single-well injection-withdrawal tracer test, has been recognized to
be particularly suited as a diagnostic test to ascertain the presence of matrix dif-
fusion (Tsang, 1995). For instance, matrix diffusion can be particularly evaluated
when a resting phase is introduced between injection and pumping phase and lead
to a decline of tailing in tracer recovery. This is especially true in the case of no
tracer drift induced by natural gradient, where advective processes are expected
to be theoretically reversible (Lessoff and Konikow, 1997). Choice of tracer is also
crucial to investigate solute transport processes. Typically, an ideal conservative
tracer should have (1) high solubility in water, (2) low detection limit, (3) low pH
and temperature dependences, (4) negligible sorption processes, (5) chemical and
biological stability and (6) no toxic for environment (Leibundgut et al., 2009).
In the present study, we have chosen to apply both radially convergent and push-
pull tracer experiments in the same permeable fractured zone of the Experimental
Hydrogeological Park. Various distances from injection points have been tested in
both tracer experiments to allow effect of scale of investigation. Except one push-
pull tracer tests, all of the experiments were achieved with fluorescein which is
considered one of the best conservative fluorescent dye (Leibundgut et al., 2009).
For the purpose of matrix diffusion and to complete information about this specific
process, one long duration push-pull experiments was performed with a cocktail of
fluorescein and sodium chloride. From late time breakthrough curves analysis, we
have chosen the semi-analytical solutions developed by Becker and Shapiro (2003)
to interpret both experiments with the same conceptual model. In the next part of
this paper, we will describe more in details all methods and choices of the model.
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3 Experimental setup and modeling approach
3.1 Experimental Site description
The Experimental Hydrogeological Park (EHP) is located in Andhra Pradesh state
of Southern India under semi-arid climate, at about 60 km from Hyderabad (Figure
1). EHP has been developed into weathered and fractured Archean granite and con-
sists on twenty-eight boreholes drilled at different depths (max. 70 m deep below
ground surface) in a very small area. Numerous hydraulic tests performed on the
site (Boisson et al., in preparation; Guihe´neuf et al., 2014) allowed us to propose an
hydrogeological conceptual model of the EHP (Figure 2). This crystalline rock is
poorly fractured with few permeable fractures at depth. A first permeable fractures
zone is localized at the top of the fractured granite, in general at 15 to 20 m deep
below ground surface.
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Figure 1: Location of the Experimental Hydrogeological Park (EHP) in the Andhra
Pradesh state of Southern India. Zoom on the borehole location is providing with, in red,
the borehole used for tracer experiments (i.e. radially convergent and push-pull tracer
experiments).
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Few other flowing fracture zones were identified at greater depth below ground
surface, but in general these fractures are not connected all over the site. Due to
overexploitation of groundwater resource and insufficient recharge, water level is
often below the top of the granite. Under these low water level conditions, the
compartmentalization of the aquifer has been highlighted due to limited extension
of the deeper flowing fracture zones (Guihe´neuf et al., 2014). This characteristic
is particularly interesting for conducting tracer tests since it prevails the site to be
impacted by ambient regional flow or farming pumping boreholes during the exper-
iments. Consequently, solute transport has been investigated under forced-gradient
tracer experiments into the deeper flowing fracture zones. We applied both radially
convergent and push-pull tracer experiments under low water level conditions (Fig-
ure 2). We choose to achieve the tracer experiments around CH3 borehole where
the deepest fracture zone is located between 25.5 and 27 meters and has been very
well characterized thanks to many hydraulic tests (Guihe´neuf et al., 2014).
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Figure 2: Conceptual hydrogeological model at EHP scale including main flowing fractures
zones in the granite, modified from Guihe´neuf et al. (2014).
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3.2 Tracer used for the experiments
All tracer experiments were achieved with conservative fluorescent dye, named flu-
orescein or so-called uranine, to avoid chemical interactions with the host rock.
Fluorescent dyes are particularly easy to use in the field because they can be mea-
sured continuously, for instance with a borehole fluorometer (Schnegg, 2002). Flu-
orescein was chosen because of (1) good water solubility (2) low detection limit
(1× 10−3 ppb) and (3) low toxicity (Leibundgut et al., 2009). Nevertheless, fluo-
rescein presents pH dependence that may affect detection limit because of reducing
intensity for a pH value less than 9 (Gerke et al., 2013; Leibundgut et al., 2009).
Below this pH value, the fluorescent tracer loses intensity due to degradation of the
compound by the break of some double bonds of the protons (Leibundgut et al.,
2009). This effect is particularly important in low pH and when acidity variability
of the medium is high. Besides, pH value measured in the EHP by boreholes logging
was relatively constant with a value of about 6.8. In addition, calibration of bore-
hole fluorometer has been done with water from the EHP to reduce pH dependence.
Sorption processes between fluorescein and rock material can also strongly affect
late time behavior in the breakthrough curves. Even so, fluorescein which has an
anionic carboxylic group presents negligible sorption onto negatively charged sand-
stone or silica (Kasnavia et al., 1999; Sabatini, 2000). Consequently, feldspars or
quartz near-surfaces should not react with fluorescein. Regarding the biotite near-
surface, another important mineral in granitic rock, it has been shown by Bray et al.
(2014) that under a pH value less than 9, due to removal of K, Mg, Al and Fe which
are not charge conservative, the biotite near-surface results in a relative negative
charge. Thus, sorption processes should not significantly impact tracer experiments
performed with fluorescein in the fractured granite of the EHP.
3.3 Radially convergent tracer experiments
Three radially convergent tracer experiments were performed into the same fracture
zone (i.e. the deeper permeable fracture zone under low water level conditions) for
different flows configuration and at different distances between injection and pump-
ing boreholes (Figure 3a). The experiments were achieved with low pumping rates
due to the low permeability of the medium. The experiments last between few
days to about two weeks for the longest one. The first radially convergent tracer
experiment was conducted between CH3 (injection borehole) and CH12 (pumping
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borehole) at a distance of 5.5 m for a pumping rate of 1.1 m3 h−1 (Table 1). The
second radially convergent tracer experiment was achieved between CH3 (injection
borehole) and CH11 (pumping borehole) at a distance of 30 m for a pumping rate
of 0.5 m3 h−1 (Table 1). The last radially convergent tracer experiment was achieved
between CH10 (injection borehole) and CH11 (pumping borehole) at a distance of
41 m for a pumping rate of 0.5 m3 h−1 (Table 1). Tracer solution was injected in front
of the fractures zone, at least two hours after start of the pumping, in steady-state
hydraulic conditions. Because of low permeability of the fractures zone, injection
rates were lowered as possible in order to provide an injection rate below the crit-
ical injection rate (Brouye`re et al., 2008). Nevertheless, it was not possible for all
radially convergent experiments. A single-packer was positioned in the injection
borehole just below the flowing fractures zone to avoid a possible flush of the tracer
at the bottom of the borehole (Figure 3a). A second single-packer was positioned
between the shallow and deeper flowing fractures zones in the pumping borehole for
two tracer experiments (i.e. CH3 to CH11 and CH10 to CH11) to pump only in
the deeper fracture zone. However, the water level was sufficiently low at the time
of the experiments, so that the upper permeable fracture zone was dewatered and
never pumped.
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Figure 3: Forced-gradient tracer experiments performed in the Experimental Hydroge-
ological Park (Andhra Pradesh, Southern India) where (a) displays radially convergent
protocol in the deeper flowing fractures zone between two boreholes, (b) illustrates the
push and pull phase during push-pull tracer experiments.
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Table 1: Characteristic of radially convergent tracer experiments performed in the EHP.
Name of
experiment
Injection
borehole
Pumping
borehole
d Qp Qinj Minj Vinj Vchase
(m) (m3 h−1) (m3 h−1) (g) (l) (l)
CH3 - CH12 CH3 CH12 5.5 1.1 0.47 1.0 62 20
CH3 - CH11 CH3 CH11 30.2 0.5 0.33 5.5 80 4
CH10 -
CH11
CH10 CH11 41 0.5 0.43 3.0 80 4
3.4 Push-pull tracer experiments
Several push-pull tracer experiments were performed into the deeper flowing frac-
tures zone between straddle packers (Figure 3b). To complement the dataset, we
choose to achieve the push-pull tracer experiments in the injection boreholes that
were used for radially convergent tests (i.e. CH3 and CH10). Because tracer is
injected and extracted in the same borehole, mass tracer is expected to travel along
approximately the same streamlines and to be sensitive mainly on matrix diffu-
sion processes (Tsang, 1995). Except one push-pull tracer experiment which will
be detailed below, all push-pull tracer experiments were conducted with fluorescein.
Injection was achieved after injecting fresh water extracted previously from the for-
mation, at the same rates. Two push times were fixed to investigate the impact of
the scale of investigation. Push times were fixed to 14 min and 55 min and push-
pull tracer experiments were achieved without or with resting phase. Note that all
tracer solutions were injected during 5 min and then followed by a chaser for the
rest of the push time. Resting phase of about 1 h has been introduced in some cases
in order to measure a potential drift of tracer induced by natural hydraulic head
gradient (Hall et al., 1991; Leap and Kaplan, 1988; Lessoff and Konikow, 1997).
Such a resting phase should also allow to investigate the effect of matrix diffusion
through a potential decline of peak concentration or breakthrough tailing (Tsang,
1995). All technical details, including injection and pumping rates or mass injected,
are provided in table 2.
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Table 2: Characteristic of push-pull tracer experiments performed in CH3 and CH10
boreholes. Note that all tracer solutions were injected during 5 min and then followed by
a chaser for the rest of the push time.
Name of
experiment
tpush Resting phase Qinj Qp Minj Vinj
(min) (min) (m3 h−1) (m3 h−1) (g) (l)
CH3 14 - 0.60 0.53 6.0× 10−2 139
CH3 14 66 0.60 0.59 6.0× 10−2 139
CH3 55 69 0.60 0.59 2.1× 10−1 544
CH10 14 - 0.51 0.53 1.4× 10−2 121
CH10 14 66 0.52 0.53 1.3× 10−2 121
CH10 55 - 0.52 0.53 1.6× 10−2 477
CH10fluorescein 187 60 0.41 0.43 4.7× 10−1 1289
CH10NaCl 187 60 0.41 0.43 1483 1289
A long duration push-pull tracer experiment was performed between straddle
packers into the same deeper fractures zone in CH10 borehole. To investigate the
possible effect of matrix diffusion, this long duration push-pull tracer experiment was
achieved with a continuous injection of 187 min (equivalent injected volume of 1289
l) with two conservative tracers, fluorescein and sodium chloride. Sodium chloride
and fluorescein have different diffusion coefficients so that a comparison of the late
time behaviors in the breakthrough curves should provide some information about
diffusion processes (Becker and Shapiro, 2000; Garnier et al., 1985; Jardine et al.,
1999). The diffusion coefficient for fluorescein is estimated at 4.2× 10−6 cm2 s−1
(Casalini et al., 2011) in free water while it is about 1.6× 10−5 cm2 s−1 for sodium
chloride (Flury and Gimmi, 2002). Conductivity monitoring was achieved with a
CTD Diver with an accuracy of 10 µS cm−1. The probe was previously calibrated to
convert conductivity data into sodium chloride concentrations. Conductivity back-
ground of groundwater from the EHP was taken into account in the breakthrough.
162
Proprie´te´s de transport a` l’e´chelle d’une fracture
Testing matrix diffusion through the simultaneous injection of different trac-
ers (Cvetkovic and Cheng, 2011; Nordqvist et al., 2012) requires that both tracers
behave independently from each other Thus, diffusion of fluorescein should not be
masked by density effects induced by salt, and interactions when measuring the con-
centrations of each tracers, or sorption effects between tracer compounds should be
both negligible. Regarding the first point, a density contrast of 1.15× 10−3 between
groundwater and the tracer solution used for this experiment may significantly af-
fect tracer dispersion (Tenchine and Gouze, 2005). Nevertheless, Becker (2003) has
shown that, under forced hydraulic conditions, density contrast of 1.31 × 10−2 be-
tween two tracer experiments conducted in fractured crystalline bedrock did not
affect significantly the breakthrough curves. The second point which is important
to consider for this push-pull experiment is the possible effect of sodium chloride on
fluorescence measurements. Magal et al. (2008) have investigated this effect of highly
saline groundwater on the use of fluorescent dyes, as fluorescein. They found that
fluorescence intensity of fluorescein was unaffected by the solution salinity. They
also investigated the sorption of dyes on natural sediments and pure minerals for
high salinities. They found that fluorescein has a moderate sorption affinity and can
be used at salinities up to 110 g l−1 of chloride. In our case, chloride concentration
was about 0.5 g l−1 which was relatively low, so additional sorption effect onto fluo-
rescein should not be significant for this experiment. To compare this long-duration
test with the others pulse push-pull tests, we applied derivative on the breakthrough
curve to provide an equivalent pulse injection.
3.5 Modeling of breakthrough curves
Many models can be used to model and interpret breakthrough curves (Becker and
Shapiro, 2003; Berkowitz et al., 2008; Haggerty et al., 2000; Maloszewski and Zuber,
1990, 1993; Moench, 1995). Since our approach is based on the analysis of late time
behavior, we choose here to use the multipath semi-analytical model developed by
Becker and Shapiro (2003) which considers that tailing in the breakthrough curve is
produced by heterogeneous advection induced by a large range of fluid flow velocities
related to the variability of fracture apertures. In this model, tracer mass will travel
within the fractured formation along individual channels of variable apertures. The
apertures of individual channels are mathematically conceptualized according to the
cubic law (Tsang, 1992) in order to reduce the number of independent parameters to
model breakthrough curves. In each channel, the total tracer mass is proportional
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to the cube of the mean aperture of the channel and the rate of transport of that
mass is proportional to the square of the mean aperture of the channel (Becker and
Shapiro, 2003). In the case of heterogeneous advection, the summation of individual
breakthrough curves is expected to lead to a -2 power law slope on late time behavior
in the final breakthrough curve in radially convergent case. This semi-analytical
solution for radially convergent experiments is formulated as the summation of a
first-passage-time transfer function in Laplace space (Becker and Charbeneau, 2000;
Becker and Shapiro, 2003) which can numerically be inverted in the time-domain
by de Hoog et al. (1982) algorithm, for instance, with a matlab code developped by
Hollenbeck (1999).
The procedure for the interpretation of push-pull experiments is a bit different
because the tracer mass diverges before converging along approximately the same
streamlines. To take into account that conditions, the model considers a radially
divergent transport tracer followed immediately by a convergent transport tracer
(Becker and Shapiro, 2003). A density probability function is first calculated ac-
cording to the solution given by Moench and Ogata (1981) for a continuous injection.
If no resting phase is introduced between the push and pull phases, the arrival at
the borehole after injection (i.e. start of pumping) is considered as the summation
of the first-passage-times from all particles resulting from the probability density
function (Becker and Shapiro, 2003).
The semi-analytical model for push-pull tracer experiments developed by Becker
and Shapiro (2003) assumes that hydrodynamic dispersion occurs within each flow
path characterized by an average velocity related to the mean fracture aperture. The
shape of the breakthrough is proportional to the average linear velocity. Small mean
fracture apertures, so high velocity, leads to more dispersion while larger apertures
are expected to lead to less disperse breakthrough. As a consequence, it is not
possible with the model to distinguish the relative role of dispersivity and mean
fracture aperture (Becker and Shapiro, 2003). Thus, only one fitting parameter,
τpush, is considered in the push-pull model. The relation between τpush parameter,
dispersivity α and mean fracture aperture H is given by:
τpush =
tpush
α2
Q
2piH
(1)
Where tpush is the duration of the push phase and Q is the injection/pumping rate.
In practice, when fitting the break-through curves, a good prediction is obtained by
considering only about 10 individual pathways. The dispersivity α may be deduced
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a posteriori from the above equation if the mean fracture aperture H is known.
The multipath semi-analytical model developed by Becker and Shapiro (2003)
has been successfully applied to model convergent tracer tests and short time dura-
tion push-pull tests on the Mirror Lake site (Becker and Shapiro, 2003). It allowed
demonstrating the dominant role of hydrodynamic dispersion on solute transport
for theses tracer tests. In the following we do justify its use for interpreting the
different tracer tests achieved on EHP, although it is not taking into account matrix
diffusion.
4 Results
4.1 Interpretation of tracer experiments
4.1.1 Radially convergent experiments
Figure 4 present, in log-log diagram, the breakthrough curves for the three radially
convergent tracer experiments performed with fluorescein in the same deeper flowing
fractures zone. Except for the tracer experiment carried out between CH3 (injection
borehole) and CH12 (pumping borehole), all radially convergent experiments were
achieved with mass recovery of more than 80% (Table 3). The breakthrough curve
obtained for the tracer experiment performed between CH3 and CH12 boreholes
was not fully recorded because of the saturation of the borehole fluorometer for the
higher concentrations (> 400 ppb). Consequently, mass recovery calculated for this
tracer experiments is about 76% but, should be in reality much more than 80%.
The transfer times of all radially convergent tracer experiments were relatively
short given the pumping rates. Table 3 gives the first and peak arrival times for
all tracer experiments performed in the EHP. A short transfer time of tracer is
induced by high velocities in the fractures implying low equivalent fracture apertures
(or low porosity). By applying the cubic law (Tsang, 1992) from the range of
transmissivities obtained by slug tests and pumping tests (Guihe´neuf et al., 2014),
hydraulic fracture apertures were estimated to be less than 1 mm for the fracture
used in these experiments.
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-2 slope
Figure 4: Normalized breakthrough curves obtained for radially convergent tracer exper-
iments performed in the EHP under different flows configuration and distances between
boreholes.
Table 3: Primary results of radially convergent tracer experiments performed in the EHP.
Name of
experiment
First arrival
time
Peak arrival
time
Mass recovery
Breakthrough
duration
(min) (min) (%) (h)
CH3 - CH12 2 - 75.7 20
CH3 - CH11 75 142 92.4 124
CH10 -
CH11
246 831 80.2 249
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Two radially convergent experiments (i.e. CH3 to CH12 at 5.5 m between bore-
holes and CH10 to CH11 at 41 m between boreholes) present an inflexion suggesting
the existence of, at least, two main independent flow pathways and thus a highly
channelized transport. Channelized transport is well known in fractured media and
can induce multiple peaks in the breakthrough curves (Tsang and Neretnieks, 1998).
Channeling effect or heterogeneous advection may be present at the fracture network
scale but also within a single fracture (de Dreuzy et al., 2012).
The late time behaviors of the breakthrough curves for all radially convergent
tracer experiments performed in the EHP are characterized by a similar power law
slope of -2 (Figure 4). These late time behaviors are observed in a log-log diagram
for at least two orders of magnitude in concentration and one order of magnitude in
time. Moreover, this late time behavior is observed for tracer experiments performed
at different distances between injection and pumping boreholes and for different flow
configurations (i.e. different pumping rates). This suggests that tracer mass injec-
tion protocol did not lead to some possible artifacts on the breakthrough curves. It
is indeed very unlikely that the injection protocol prevails for the late time behaviors
of the breakthrough curves whatever the distance between boreholes or whatever in-
jection or pumping rates. On the opposite, this suggests the result of heterogeneous
advections as shown previously by Becker and Shapiro (2000, 2003) that also have
identified a power law slope of -2 in their dataset. Such late-time behavior was
interpreted through multipath approach without significant matrix diffusion.
4.1.2 Push-pull experiments
Pulse push-pull experiments All push-pull tracer experiments realized with flu-
orescein were achieved with a mass recovery of more than or close to 80%, according
to the range of the measurements of the borehole fluorometer, typically between 1
and 400 ppb (Table 4). Figure 5 (a and b) present, in log-log plot, the breakthrough
curves obtained for push-pull experiments performed in CH3 and CH10 boreholes
with a push time of 14 min (or injected volume of, respectively, 139 and 121 l, table
2). These push-pull tracer experiments, realized with fluorescein and between strad-
dle packers, were achieved with and without resting phase of about 1 h. The late
time behaviors in the breakthrough curves, with and without resting phase, present
similar power law slope close to -3. Consequently, resting phase did not affect signif-
icantly the late time behaviors in the breakthrough curves, and no significant drift
or decline of tracer concentrations are observed during the experiments.
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Table 4: Primary results of push-pull tracer experiments performed in CH3 and CH10
boreholes.
Name of
experiment
tpush
Resting
phase
Peak arrival
time
Mass
recovery
Breakthrough
duration
(min) (min) (min) (%) (h)
CH3 14 - 14.8 83.8 2.1
CH3 14 66 16.0 87.6 2.5
CH3 55 69 50.3 81.8 9.7
CH10 14 - 10.5 85.8 1.1
CH10 14 66 9.3 89.2 1.2
CH10 55 - 43.1 78.2 3.0
CH10fluorescein 187 60 60.0 78.3 44.3
CH10NaCl 187 60 72.0 71.0 16.0
To investigate the effect of the scale of investigation, figure 6 present the break-
through curves obtained for push-pull experiments carried out in CH3 and CH10
boreholes for two different push times (or injected volume at constant injection
rate). We present the push-pull tracer experiments achieved in CH3 borehole with
a resting phase (Figure 6a) and in CH10 borehole without resting phase (Figure
6b). These tracer tests were performed firstly with a push time of 14 min (showed
previously in figure 5) and secondly with a push time of 55 min. For the push-
pull tracer experiments performed in CH3 borehole, the equivalent injected volume
for these push times was respectively 139 l and 544 l (Table 2). For the push-pull
tracer experiments realized in CH10 borehole, the equivalent injected volume was
121 l and 477 l for these push times (Table 2). The late time behaviors for these
push-pull experiments follow a power law slope close to -3 for a push time of 14
min and a power law slope close to -2.5 for a push time of 55 min (with or without
resting time). Consequently, late time behavior in the breakthrough curves appears
not dependent of the resting time of tracer in the formation which is expected to
increase the impact of matrix diffusion. However, power law exponent decreases as
push time increases and seems to depend more of the scale of investigation.
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CH3
CH10
Figure 5: Normalized breakthrough curves obtained for push-pull tracer experiments
performed for push time of 14 min with and without resting phase of about 1 h (a) in
CH3 borehole and (b) in CH10 borehole.
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Figure 6: Normalized breakthrough curves obtained for push-pull tracer experiments
performed (a) for push time of 14 min and 55 min with resting phase of about 1 h in
CH3 borehole and (b) for push time of 14 min and 55 min without resting phase in CH10
borehole.
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Long duration push-pull experiment To estimate the impact of diffusion, we
also performed one long duration push-pull tracer experiment with two conservative
tracers of different diffusion coefficients. The tracers experiment was carried out with
a cocktail of fluorescein and sodium chloride. The continuous injection of tracers
was achieved during 187 min (equivalent of 1289 l) between straddle packers. The
mass recovery for the fluorescein was 78.3% and 71% for the sodium chloride (Table
4).
In figure 7, the breakthrough curves obtained for both tracers are presented
after applying derivative to provide an equivalent pulse injection. The late time
behaviors in the breakthrough curves were both similar and close to a power law
slope of -2.3. This late time behavior confirm that, for enough larger scales, the
power law exponent of the late time behavior decreases as push time increases.
Mass recovery for sodium chloride and fluorescein were relatively important (Table
4), and comparable to other push-pull experiments performed with only fluorescein.
As previously formulated, density effect may affect this experiment but should be
rule out under forced gradient conditions (Becker and Shapiro, 2003). In addition,
mass recovery results suggest also that density contrast have a negligible impact on
breakthrough curves in the present case. Moreover, the similar breakthrough curves
observed for the two tracers with different diffusion coefficients suggest that matrix
diffusion do not have a significant impact in the breakthrough curves at least for the
duration of the experiments.
Although concentrations measured during all experiments did not go down below
1 ppb (the limit of measurement for our borehole fluorometer), all results did not led
to the classical power law decay of late time behaviors expected for matrix diffusion
that is characterized by an exponent of -1.5 (Hadermann and Heer, 1996; Haggerty
et al., 2000). On the opposite, we obtained significantly higher values of the power-
law slope. Moreover, since similar breakthrough curves were observed for two tracers
with different diffusion coefficients, this suggests that matrix diffusion should not
be significant for the solute transport experiments achieved on EHP, at least for the
duration of the experiments.
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-2.3 slope
Figure 7: Normalized derivative breakthrough curves obtained for long duration push-pull
tracer experiment performed in CH10 borehole with fluorescein and sodium chloride for
push time of 187 min.
4.2 Modeling approach
4.2.1 Justification of the model used and hypothesis
The previous results obtained suggest the impact of matrix diffusion to be negligible
on the breakthrough curves. The long duration push-pull tracer experiment suggests
indeed no significant impact of matrix diffusion, at least for the duration of the test
and for the tracers used (diffusion coefficients, size of particles). Secondly, the
comparison of pulse push-pull tracer experiments realized with and without resting
phase did not reveal significant decline of peak concentration of late time behaviors
between both experiments. Thirdly, the late time behavior in the breakthrough
curves for all radially convergent experiments under different flow configurations
has followed a -2 power law slope. This characteristic late time behavior is clearly
different of the late time behavior expected from matrix diffusion. As shown in
the following section, it can be well modeled through the multipath semi-analytical
model developed byBecker and Shapiro (2003) without taking into account of matrix
diffusion.
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4.2.2 Modeling of the radially convergent experiments
Figure 8 present the modeling of the tracer experiment performed between CH3
(injection borehole) and CH11 (pumping borehole) through the multipath model
developed by Becker and Shapiro (2003). We also provide the simulation through
a first-passage-time model according to Becker and Charbeneau (2000) in order to
compare models predictions with same dispersivity and effective volume of the for-
mation. The simulation obtained through that multipath approach can successfully
interpret the whole breakthrough curve. On the other hand, the simulation through
the first-passage-time model is, of course, unsatisfying for the late time behavior.
The inflexion in the breakthrough curves observed for two others radially con-
vergent experiments (i.e. CH3 to CH12 and CH10 to CH11) cannot be simulated
correctly through that multipath model. Nevertheless, the late time behavior of -2
power law slope can be simulated and transport parameters estimated (i.e. dispersiv-
ity and effective volume of the formation – or effective porosity). Figure 9 present
the simulations obtained for the tracer experiments performed between CH3 and
CH12 (5.5 m of distance) and between CH10 and CH11 (41 m of distance) with
multipath and first-passage-time models. All results are presented in table 5 and
provide dispersivities quite lows (2 m) and an estimated equivalent aperture for a
single fracture of about 1 to 2 mm (calculated from the effective volume of the
formation).
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-2 slope
Figure 8: Normalized breakthrough curves obtained for radially convergent tracer exper-
iment performed between CH3 (injection borehole) and CH11 (pumping borehole) and
simulations obtained with the first-passage-time model (Becker and Charbeneau, 2000)
and multipath model (Becker and Shapiro, 2003).
Table 5: Simulations results of radially convergent tracer experiments performed in the
EHP. Total swept volume is assumed to be pid2e with d corresponds to the distance between
borehole and e the thickness of injection zone equivalent to 2 m here.
Name of
experiment
α
Effective
volume
Total swept
volume
Effective
porosity
Volume
equivalent
aperture
(m) (m3) (m3) (-) (m)
CH3 - CH12 0.4 0.22 190 1.2× 10−3 2.3× 10−3
CH3 - CH11 0.5 1.15 5731 2.0× 10−4 4.0× 10−4
CH10 - CH11 1.8 6.00 10562 5.7× 10−4 1.1× 10−3
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Figure 9: Normalized breakthrough curves obtained for radially convergent tracer exper-
iments performed (a) between CH3 (injection borehole) and CH12 (pumping borehole)
and (b) between CH10 (injection borehole) and CH11 (pumping borehole). Simulations
obtained with the first-passage-time model (Becker and Charbeneau, 2000) and multipath
model (Becker and Shapiro, 2003) are represented in both diagrams.
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4.2.3 Modeling of push-pull experiments
The comparison between the model and the breakthrough curves obtained for push-
pull tests is less satisfactory. Figure 10 present the simulations and the breakthrough
curves for the push-pull tracer experiments carried out in CH10 boreholes for a push
time of 14 min (Figure 10a) and 55 min (Figure 10b). For the push time of 14 min,
the best fit obtained by adjusting τpush parameter correspond to a model prediction
with a power law slope closed to -3.7 while the power law slope shown by the data set
is about -3. The discrepancy between the data and the model is even greater for the
simulation applied for the push-pull tracer experiment performed with a push time
of 55 min. The model predicts a power law slope close to -4.8 while data set provides
a power law slope of -2.5. Figure 11 presents the simulations and the breakthrough
curves obtained for the push-pull tracer experiments carried out in CH3 borehole
for a push time of 14 min (Figure 11a) and 55 min where a resting phase was in-
troduced (Figure 11b). The same discrepancy between model predictions and data
set is highlighted. Table 6 provides all results for all push-pull tracer experiments
performed in CH3 and CH10 boreholes. According to the equivalent aperture of a
single fracture obtained by radially convergent tracer experiments, the dispersivities
obtained for the push-pull tracer experiments were about 0.12 m for CH3 borehole
and 0.15 m for CH10 borehole (Table 6). The dispersivity value obtained for the
long duration push-pull tracer experiment in CH10 borehole has been estimated at
0.22 m.
Table 6: Simulations results of push-pull tracer experiments performed in CH3 and CH10
boreholes.
Name of
experiment
τpush α
(-) (m)
CH3 1090 0.12
CH3 1210 0.12
CH3 3770 0.13
CH10 780 0.15
CH10 750 0.15
CH10 2960 0.15
CH10fluorescein 3900 0.22
CH10NaCl 3900 0.22
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a)
b)
Figure 10: Normalized breakthrough curves obtained for push-pull tracer experiments
performed in CH10 borehole without resting phase for (a) push time of 14 min and (b)
push time of 55 min. Simulations obtained with multipath model of Becker and Shapiro
(2003) is represented in red line.
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a)
b)
Figure 11: Normalized breakthrough curves obtained for push-pull tracer experiments
performed in CH3 borehole with resting phase of about 1 h for (a) push time of 14 min
and (b) push time of 55 min. Simulations obtained with multipath model of Becker and
Shapiro (2003) is represented in red line.
178
Proprie´te´s de transport a` l’e´chelle d’une fracture
A clear discrepancy is observed between the model and the dataset. The model
used suggests an increase of the slope of the late time breakthrough curves while
dataset suggest the opposite. This confirms previous results obtained by (Becker
and Shapiro, 2003) from one large push-pull test. In the following section, we discuss
the possible dominant transport processes and present some suggestions to explain
such a discrepancy between the data and the model for the push-pull tracer tests.
5 Discussion
5.1 Dominant transport process
The breakthrough curves of radially convergent tracer experiments carried out in
the deeper fractures zone in the Archean granite of the EHP are presenting a -2
power law slope on the late time behavior. This late time behavior, which has been
also identified by Becker and Shapiro (2000, 2003) at Mirror Lake Fractured Rock
Research Site at New Hampshire, has been interpreted as typical of heterogeneous
advection. In our study, impact of matrix diffusion was indeed found to be negligi-
ble and the asymmetric shape of the breakthrough curves can be explained by only
heterogeneous advection. A similar late time behavior close to a -2 power law slope
has been also reported by numerical simulations and also attributed to heteroge-
neous advection (Di Donato et al., 2003; Willmann et al., 2008). To predict a -2
power law slope, the multipath approach developed by Becker and Shapiro (2003)
assumes that channels are virtually independent and that the cubic law controls
tracer breakthrough since tracer dispersion in each channel depends on the average
velocity which is related to the mean fracture aperture. In the present study, the
multipath model provides also a very satisfactorily model to match radially con-
vergent breakthrough curves. Since a similar late time behavior has been observed
for both tracers used during a long duration push-pull tests and because resting
phase did not affect significantly the breakthrough, it seems that matrix diffusion
is negligible. Thus, all results are suggesting a dominant impact of heterogeneous
advection, with negligible matrix diffusion, at least for the duration of the tests.
In the literature, fluid flow channeling, which induces heterogeneous advection, has
been often reported in fractured crystalline rock (Abelin et al., 1994; Tsang and
Neretnieks, 1998). Since plutonic rocks display very low porosity values with a dras-
tic decrease with depth (Ohlsson and Neretnieks, 1995), it is not surprising that
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channeling effects and heterogeneous advection may be a dominant solute transport
process in fractured crystalline rocks.
Nevertheless, such results are more surprising in shallow weathered crystalline
rock. Weathering process of fracture walls should increase porosity in the vicinity
of the fracture and thus increase effect of matrix diffusion (Ohlsson and Neretnieks,
1995). Moreover, as suggested by Sausse (2002), an increasing degree of rock alter-
ation is expected to smooth surface asperities of fracture and thus limit channeling
effect. Our observations may be related to the fact that the duration of our experi-
ments are too small to observe significant matrix diffusion or that matrix diffusion
occurs only very close to the fracture walls (Ohlsson and Neretnieks, 1995). The
“anionic exclusion” proposed by Ohlsson and Neretnieks (1995) may also explain
partly why matrix diffusion is limited. According to theses authors, negatively
charged tracer such as fluorescein cannot access to the whole pore space because of
electrostatic repulsion between species and negatively charged fracture wall surfaces.
Ideally, this hypothesis may be excluded in the future by conducting experiments
with neutral non-sorbing tracer in the same flowing fractures zone. Becker and
Shapiro (2003) have also suggested that if channels into fractured formation tend to
lengthen as flow velocities increases (Parney and Smith, 1995), under-forced gradient
conditions, this phenomenon may produce more channeled flow and heterogeneous
advection than would exist under natural gradients. However, without complemen-
tary tracer tests that would infirm the present results, it seems that the tailing of
the breakthrough curves is mainly due to heterogeneous advection process.
5.2 Modeling push-pull tests
The model of Becker and Shapiro (2003) for the push-pull tracer experiment predicts
power law exponent increases as push time increases while our data set provides the
opposite, that is a power law exponent decreases as push time increases. The differ-
ent late time behaviors between model predictions and data set should be related
to the scale of investigation. The model provides a good prediction for a relative
small scale whereas, for larger scale, more discrepancy is observed between model
prediction and data set. This discrepancy was also observed by Becker and Shapiro
(2003) for the larger injected volume. The experimental data present indeed a much
larger increase of the variance of time arrivals with scale than the one predicted by
the model. One possibility to explain this behavior may come from the coalescence
of pathways at greater scale. Hence each channel would be not fully independent
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and could interact to each other after a certain distance away of the borehole. For
instance, figure 12 presents a conceptual flow streamlines during both push and pull
phases where pathways are no more independent at greater scale. Thus, the pos-
sibility of mass exchanges by diffusion or local dispersion at intersections between
streamlines may lead to irreversible heterogeneous advection. The coalescence of
flow channels has been highlighted by Bourke (1987) in the Cornish granite by
showing haematite staining. This effect has more impact for larger scale of inves-
tigation because of the increasing probability with scale to intersect and change
streamline. In the absence of significant matrix diffusion, other explanations may
involve a scale-dependency of dispersion process. For instance, the flow distribution
may be also correlated in such a way that it is difficult to sample the whole velocity
distribution from small-scale push-pull tests. It may also come from the geometry
of puch-pull tests that may involve a limited number of channels of high velocities
at small scales and a larger number of independent channels having much smaller
velocities at larger scale. In any case, it is interesting to confirm some experimen-
tal results previously obtained by Becker and Shapiro (2003) about an increase of
heterogeneous dispersion with scale. More modeling should be done in the future
to test numerically which may be the reasons for such observations (Kang et al.,
Submitted).
PUSH PHASE PULL PHASE
m1
m2
m3
m’1
m’2
m’3
m1 > m2 > m3
Figure 12: Conceptual flow streamlines during push-pull tracer experiment in both pull
and push phases. The flow streamlines can interact to each other by molecular diffusion
(red arrow) then induce non-reversible heterogeneous advection. Total mass for each
idealized streamlines is given by m1, m2 and m3 for push phase which are different than
m’1, m’2 and m’3 that correspond to pull phase.
181
Chapitre 4
5.3 Hydraulic properties of weathered crystalline rocks and
groundwater management
The intensive groundwater exploitation in Southern India since the seventies has led
to water table depletion and groundwater quality deterioration, especially charac-
terized by an increase of fluoride concentration. To explain such an increase, Perrin
et al. (2011b) and Pettenati et al. (2013) have highlighted the possible role of irriga-
tion. Firstly, the overexploitation of the reservoir under semi-arid climate for water
irrigation leads to high evaporation that implies an increase of solute concentrations
in the groundwater reservoir (Perrin et al., 2011b). Secondly, irrigation process
leads also to “return flow” (re-infiltration towards the groundwater reservoir) that
may increase fluoride concentration through associated precipitation/dissolution re-
actions in the thick unsaturated zone (Pettenati et al., 2013). This implies a small
volume of the groundwater reservoir with favorable conditions for ”return flow” to
be a dominant process and partly control chemical reactions.
The transport parameters obtained for radially convergent experiments, such as
the peak arrival times in the breakthrough curves, suggest a quite small effective
volume of the formation, estimated about a maximum of 6 m3 for the largest tracer
experiment. The resting phases included during push-pull tracer experiments have
shown no significant drift of tracer and thus, no significant effect of natural gradient
during tracer experiments. This last point is particularly consistent with the com-
partmentalization of the reservoir that is observed under low water level conditions
and that comes from a decrease of fractures connectivity (Guihe´neuf et al., 2014).
As a consequence, low water level conditions imply an insulated reservoir and no
or few water mixing with surrounded reservoirs. Such conditions are expected to
enhance the role of “return flow” on fluoride concentrations. It would be particu-
larly interesting to complement this last point with tracer tests to characterize the
transport properties of the thick unsaturated zone of weathered crystalline rocks.
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6 Conclusions
Radially convergent and push-pull tracer experiments were performed in the deeper
flowing fracture zones in the EHP granite of Andhra Pradesh (Southern India) to
identify dominant physical solute transport processes. Radially convergent tracer ex-
periments have displayed a -2 power law slope on the late time behavior in the break-
through curve. This asymmetric shape on the breakthrough curves has been suc-
cessfully interpreted through the multipath model developed by Becker and Shapiro
(2003) that assumes that solute transport may be only modelled through advection
and dispersion in individual pathways characterized by different average flow veloc-
ities. Push-pull tracer experiments have confirmed that matrix diffusion could be
neglected for the duration of tracer tests. In addition, push-pull tracer experiments
performed at different scales permit to bring out the non-reversible heterogeneous
advection as a function of scale of investigation. This particular behavior, which has
been partly noticed by Becker and Shapiro, may come from the coalescence of the
streamlines at larger scale that may induce some solute exchanges at the streamlines
intersections. More modeling efforts are nevertheless still necessary to quantify the
possible causes of this scaling behavior.
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4.3 Discussion et perspectives
L’investigation des proprie´te´s de transport a` l’e´chelle d’une fracture ou d’une
zone de fractures du compartiment infe´rieur via deux me´thodes de trac¸age artificiel
a permis de mettre en e´vidence l’effet pre´dominant de l’advection he´te´roge`ne sur le
transport anormal de solute´. Aux e´chelles de temps des expe´riences, l’effet de la diffu-
sion dans la matrice peut eˆtre a priori ne´glige´. Les parois des fractures semblent suffi-
samment rugueuses pour ge´ne´rer des chemins d’e´coulement pre´fe´rentiels et conduire
a` l’advection he´te´roge`ne. L’irre´versibilite´ de ce processus en push-pull, mise en
e´vidence graˆce aux tests mene´s a` diffe´rentes e´chelles d’investigation au sein de
cette meˆme zone de fractures, peut eˆtre explique´e par la convergence des chemins
pre´fe´rentiels a` partir d’une certaine distance du puits d’injection.
Au travers des interpre´tations des essais de trac¸age entre forages, la dispersi-
vite´ semble e´galement eˆtre de´pendante de la distance d’investigation. Comme le
sugge`rent de nombreuses e´tudes, une augmentation de la dispersivite´ avec l’e´chelle
est observe´e (Zhou et al., 2007). Les interpre´tations, selon le mode`le de Becker et
Shapiro (2003), permettent l’estimation de l’ouverture moyenne de transport qui est
relativement faible dans ce syste`me, de l’ordre du millime`tre. Cette valeur est toute-
fois cohe´rente avec celles obtenues par Becker et Shapiro (2003) sur le site de Mirror
Lake aux E´tats-Unis, ou` une ouverture de transport d’environ 1 mm fut estime´e. En
conditions de basses eaux, il apparait donc un re´servoir ferme´ pre´sentant un volume
effectif tre`s faible.
Plusieurs aspects techniques peuvent cependant eˆtre discute´s. Le premier concerne
le protocole d’injection utilise´ dans cette e´tude. Bien qu’il ne semble pas affecter
outre mesure les re´sultats, il peut toutefois eˆtre ame´liore´. La faible transmissivite´
des fractures en profondeur rend l’injection de´licate. En particulier, afin de ne pas
de´passer le de´bit critique d’injection (Brouye`re et al., 2008), il est ne´cessaire d’injec-
ter le traceur a` des de´bits tre`s faibles. Une alternative serait par exemple de proce´der
a` une injection passive. Le faible nombre de fractures en profondeur facilite leur isole-
ment. En l’occurrence, obturer les fractures serait tout a` fait re´alisable. Un protocole
d’injection inspire´ de celui de Shapiro et Hsieh (1996) pourrait eˆtre envisage´. Nous
pourrions utiliser un double obturateur afin de cre´er une chambre d’injection isole´e
du syste`me en obturant la fracture transmissive dans lequel nous souhaitons injecter
le solute´. Apre`s la mise en pompage, l’injection du traceur pourrait eˆtre re´alise´e a`
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l’inte´rieur de la chambre d’injection sans que celui-ci pe´ne`tre dans la formation. Le
me´lange pourrait alors eˆtre correctement effectue´ en cre´ant une boucle de recircula-
tion par un syste`me d’injection et de pompage. En de´gonflant l’obturateur infe´rieur
apre`s une certaine dure´e de pompage, l’injection se ferait de manie`re passive par
diffe´rence de charges hydrauliques. En conditions de basses eaux, le rabattement
observe´ apre`s 3 h de pompage est d’environ 1 m au puits d’observation CH3, pour
un de´bit de 0.5 m3 h−1 au puits de pompage CH11 situe´ a` 30 m. Une telle diffe´rence
de charge permettrait l’injection d’un volume de l’ordre de dix litres pendant environ
cinq minutes. En regonflant l’obturateur, l’injection pourrait alors eˆtre stoppe´e sans
risque d’injection continue, via la pre´sence d’une zone morte (Becker et Charbeneau,
2000). Un dispositif de recirculation par l’injection d’eau sans traceur et l’extraction
du solute´ permettrait ensuite le nettoyage de la chambre d’injection.
L’autre aspect technique a` discuter est l’utilisation de la fluoresce´ine comme
unique traceur artificiel. En particulier, celle-ci est conside´re´e comme non-sorbante
mais est charge´e ne´gativement, de la meˆme manie`re que les principaux mine´raux
constituant le granite. Ohlsson et Neretnieks (1995) sugge`rent que l’utilisation de
traceurs conservatifs ayant la meˆme charge que le milieu investigue´ pourrait entrainer
un processus d’exclusion ionique. Le traceur serait repousse´ par les pores de la
roche, limitant ainsi la diffusion dans la matrice. Ils recommandent entre autres
l’utilisation de traceur non-sorbant neutre pouvant, a priori, diffuser plus facilement
dans la roche. Un exemple qui pourrait illustrer cet effet d’exclusion ionique serait
celui donne´ par Hadermann et Heer (1996). Les auteurs ont proce´de´ a` des tests de
trac¸age entre puits dans le granite de Grimsel en Suisse a` l’aide de diffe´rents traceurs
artificiels. Ces tests ont e´te´ re´alise´s pour des distances comprises entre 2 et 5 m avec
des de´bits d’extraction relativement faibles, de l’ordre de 150 ml min−1. Les traceurs
neutres ont montre´ une pente de -1.5 sur la courbe de restitution. En revanche,
l’utilisation de la fluoresce´ine pour l’un des tests a montre´ une pente diffe´rente,
proche de -2. Dans ce cas, la pente pourrait eˆtre un comportement interme´diaire de
la diffusion dans la matrice. Ceci est donc re´ve´lateur de la difficulte´ d’appre´hender
ces questions de transport de contaminants dans les milieux he´te´roge`nes. Bien que
le type de traceur utilise´ ainsi que les conditions de forc¸age puissent eˆtre des facteurs
limitants pour mettre en e´vidence la diffusion dans la matrice (Becker et Shapiro,
2003 ; Ohlsson et Neretnieks, 1995), l’advection he´te´roge`ne reste, quoi qu’il en soit,
un processus significatif sur le transport de solute´s dans ce type de fracture et doit
eˆtre pris en conside´ration dans la mode´lisation.
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Nous avons vu e´galement que le mode`le semi-analytique de´veloppe´ par Becker et
Shapiro (2003) pour l’interpre´tation des essais de push-pull e´tait limite´ a` une cer-
taine e´chelle d’investigation. Cette limitation avait pre´alablement e´te´ identifie´e par
Becker et Shapiro (2003) qui avaient re´alise´ trois tests a` diffe´rents volumes d’injection
(20, 40 et 60 l). La simulation directe effectue´e sur le dernier avait notamment e´te´
non concluante. Les essais de push-pull re´alise´s dans notre e´tude poursuivent d’une
certaine manie`re cette observation et montrent qu’il est ne´cessaire de faire appel a`
d’autres processus pour expliquer les comportements. Une des hypothe`ses avance´es
ici est la possibilite´ d’avoir des interactions entre les diffe´rentes lignes de flux. En l’oc-
currence, la convergence des lignes d’e´coulement permettrait des e´changes de masse,
ge´ne´rant ainsi des processus advectifs irre´versibles. A` ce stade, cette hypothe`se n’a
pas encore e´te´ ve´rifie´e mais pourrait l’eˆtre graˆce a` la mode´lisation. Par exemple,
un mode`le re´cent a e´te´ de´veloppe´ par Kang et al. (Submitted) et tient compte a`
la fois des processus advectifs dans un re´seau de liens et de l’e´change de masse par
diffusion a` l’intersection de ces liens. Ce mode`le pourrait constituer une premie`re
e´tape pour expliquer nos observations et valider cette hypothe`se. Il serait e´galement
inte´ressant de tester d’autres hypothe`ses a` travers la mode´lisation, par exemple, en
tenant compte d’un effet d’e´chelle sur la dispersivite´.
Il est par ailleurs ne´cessaire de comple´ter cette e´tude par des tests de trac¸age au
niveau de l’interface saprolite – granite ou encore dans la saprolite. Cela permettrait
d’obtenir des valeurs de porosite´ efficace et donc de mieux quantifier les temps de
transfert et les stocks d’eau disponibles dans ces compartiments. En particulier, les
tests d’injection re´alise´s dans la saprolite re´ve`lent des perme´abilite´s tre`s faibles. Cela
sugge`re que les temps de transfert de la surface du sol vers l’aquife`re peuvent eˆtre
relativement importants dans le cadre par exemple d’une pollution accidentelle. Ce-
pendant, certaines e´tudes re´ve`lent la pre´sence de fractures pre´serve´es pouvant eˆtre
des vecteurs pre´fe´rentiels pour le fluide, ce qui pourrait diminuer les temps de trans-
fert (Dewandel et al., 2006 ; Perrin et al., 2011a). Actuellement, peu d’e´tudes de
transport ont e´te´ re´alise´es dans la saprolite dans un contexte d’alte´ration profonde
(Taylor et al., 2010), pourtant la compre´hension des processus de transport dans ces
milieux est primordiale puisqu’elle controˆle quasiment l’inte´gralite´ du transfert de
contaminants depuis la surface aux puits d’exploitation. Ceci est d’autant plus im-
portant dans des contextes comme celui-ci ou` les aquife`res de sub-surface constituent
la principale ressource en eau pour des millions d’individus. Par ailleurs, il existe
un certain nombre de mode`les ge´ochimiques simulant par exemple l’alte´ration aux
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temps longs (Buss et al., 2008 ; Fletcher et al., 2006) ou encore la re´activite´ du mi-
lieu a` travers les processus de  return flow  (Perrin et al., 2011b ; Pettenati et al.,
2013), toutefois, tre`s peu de donne´es de transport sont disponibles pour contraindre
ces mode`les.
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Conclusions et perspectives
ge´ne´rales
5.1 Conclusions ge´ne´rales
Les objectifs principaux de cette the`se e´taient, dans un premier temps, d’identi-
fier l’organisation des structures pertinentes ainsi que leur roˆle sur les e´coulements
dans les aquife`res cristallins fracture´s et alte´re´s dans un contexte semi-aride. Le
deuxie`me objectif e´tait de quantifier les proprie´te´s hydrauliques de ces structures se-
lon la profondeur dans le but de fournir des parame`tres d’entre´e pour la mode´lisation
future. Enfin, la dernie`re partie de ce travail avait pour but de caracte´riser les pro-
prie´te´s de transport de ces milieux et notamment d’identifier le roˆle respectif de
l’advection he´te´roge`ne et de la diffusion dans la matrice sur le transport de solute´s.
La premie`re partie de cette the`se montre que ces milieux sont particulie`rement
discontinus et que la variabilite´ spatiale des he´te´roge´ne´ite´s joue un roˆle tre`s impor-
tant sur l’organisation des e´coulements. L’interface incluant la partie supe´rieure du
granite fracture´ et la base de la saprolite semble controˆler les e´coulements a` l’e´chelle
du bassin versant puisque sa connectivite´ est assure´e spatialement. Cette interface
peut e´galement remonter localement a` la surface topographique, mate´rialise´e no-
tamment par la pre´sence d’inselbergs ou d’autres aﬄeurements, jouant de ce fait un
roˆle de barrie`re hydraulique. Les fractures transmissives en profondeur apparaissent
en revanche beaucoup moins bien connecte´es entre elles, en tout cas late´ralement.
En conditions de basses eaux, cela me`ne a` une compartimentation hydraulique du
milieu, induite par des amas de fractures plus transmissives relativement isole´s dans
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une matrice tre`s peu perme´able. Ce constat semble tre`s similaire a` ce qui a e´te´
observe´ auparavant sur le site de Mirror Lake aux E´tats-Unis ou` quelques amas
de fractures plus transmissives ont e´te´ identifie´s (Day-Lewis et al., 2000 ; Hsieh,
1998). Sur ce site, les amas de fractures apparaissent moins e´tendus, d’une longueur
infe´rieure a` cent me`tres. Dans notre cas, la longueur des compartiments est variable
et se situe visiblement entre une et plusieurs centaines de me`tres. La diminution de
la connectivite´ hydraulique de fractures observe´e sur le site expe´rimental de Chou-
tuppal est e´galement cohe´rente avec de nombreuses observations ge´ologiques qui
sugge`rent une diminution de la fre´quence de fracturation avec la profondeur (Dale,
1923 ; Holzhausen, 1989 ; Jahns, 1943 ; Mare´chal et al., 2004). Cette diminution
de la connectivite´ avec la profondeur prend d’autant plus de sens de`s lors que les
fractures sont proches de l’horizontale ou le´ge`rement incurve´es.
Les diffe´rentes me´thodes hydrauliques applique´es dans la zone sature´e et non
sature´e du re´servoir du site expe´rimental de Choutuppal ont permis de quantifier les
proprie´te´s hydrauliques des principales structures pertinentes identifie´es pre´alable-
ment. La repre´sentation de´taille´e de ces proprie´te´s selon la profondeur permet de
mettre en avant le roˆle particulier de l’interface saprolite – granite. Sa perme´abilite´
ainsi que sa porosite´ sont relativement inte´ressantes pour ce contexte ou` le socle est
tre`s peu fracture´ et ou` la productivite´ moyenne des puits est tre`s faible, caracte´rise´e
par des de´bits d’exploitation souvent infe´rieurs a` 10 m3 h−1. De nombreuses e´tudes
sugge`rent que la saprolite assure le roˆle capacitif et les fractures le roˆle transmissif
du re´servoir (Chilton et Foster, 1995 ; Dewandel et al., 2006 ; Mare´chal et al., 2004
; Taylor et Howard, 2000 ; Wyns et al., 2004). Nous montrons que cette interface
peut assurer ces deux roˆles et par conse´quent, repre´sente un niveau critique de la
pie´zome´trie a` ne pas franchir dans la perspective d’une gestion durable de la res-
source en eau. En dessous de cette zone, le nombre de fractures transmissives diminue
drastiquement, limitant e´galement la capacite´ du re´servoir a` stocker l’eau. L’inte´reˆt
de forer plus en profondeur est donc d’autant plus limite´ (Mare´chal, 2010) bien que
parfois, certaines fractures relativement transmissives puissent eˆtre rencontre´es a` 50
– 60 m de profondeur. Elles peuvent en effet fournir des de´bits relativement e´leve´s
pour le contexte, jusqu’a` 10 m3 h−1.
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Les proprie´te´s de transport dans ces milieux cristallins fracture´s ont pour la
premie`re fois e´te´ e´tudie´es en Inde du Sud. Deux me´thodes comple´mentaires d’essais
de trac¸age (radial convergent et push-pull) ont permis d’identifier in situ le roˆle
pre´dominant de l’advection he´te´roge`ne sur le transport anormal de solute´ a` l’e´chelle
de fractures plus transmissives. Bien que les processus d’alte´ration jouent un roˆle
important dans ce contexte et qu’en principe, l’alte´ration des parois des fractures
devrait eˆtre plus avance´e augmentant ainsi leur porosite´ (Dewandel et al., 2006 ;
Mare´chal et al., 2004 ; Ohlsson et Neretnieks, 1995), la diffusion dans la matrice
peut eˆtre a priori ne´glige´e, au moins sur les e´chelles de temps des expe´riences. Les
courbes de restitution obtenues au travers des essais entre puits montrent une pente
de -2 aux temps longs, pouvant eˆtre correctement simule´e via un mode`le tenant
uniquement compte de processus advectifs (Becker et Shapiro, 2003). Les essais de
push-pull re´alise´s avec ou sans phase d’attente ainsi que celui effectue´ avec deux
traceurs aux coefficients de diffusion diffe´rents montrent de meˆme que la diffusion
dans la matrice peut eˆtre ne´glige´e pour les temps des expe´riences. Cependant, les
diffe´rences entre les donne´es obtenues en push-pull et les pre´dictions du mode`le de
Becker et Shapiro (2003) sugge`rent que les processus advectifs ne sont pas totalement
re´versibles. L’hypothe`se avance´e ici est qu’il puisse y avoir des interactions entre les
lignes d’e´coulements a` partir d’une certaine e´chelle comme la montre la photographie
en figure 1.8 (Bourke, 1987). Toutefois, il reste ne´cessaire de valider cette hypothe`se
a` travers la mode´lisation (Kang et al., Submitted).
Les volumes effectifs calcule´s a` partir des essais entre puits montrent une capa-
cite´ de stockage tre`s limite´e en profondeur, en tout cas pour le compartiment du site
expe´rimental. Le nombre restreint de fractures transmissives permet le transport de
solute´s tre`s rapide d’un point a` un autre. En revanche, la compartimentation du
milieu induite par une faible connectivite´ hydraulique du re´seau de fractures en pro-
fondeur ainsi qu’une tre`s faible perme´abilite´ de la matrice, implique ne´cessairement
un temps de transfert beaucoup plus important entre chaque compartiment. En
conditions de basses eaux, le me´lange avec les eaux des compartiments avoisinants
est donc plus limite´, ce qui devrait favoriser les e´changes verticaux et donc, en prin-
cipe, accentuer l’effet des processus de  return flow  responsables de la salinisation
des re´servoirs ou encore l’augmentation des concentrations en fluor (Perrin et al.,
2011b ; Pettenati et al., 2013). Cela implique une vulne´rabilite´ quantitative et qua-
litative d’autant plus forte aux variations spatiales et temporelles des pre´cipitations
et a` la pression anthropique toujours croissante. Cette vulne´rabilite´ est e´galement
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accentue´e par le nombre extreˆmement e´leve´ de points d’entre´e dans le syste`me, soit
les nombreux forages et puits ouverts.
Nous avons vu e´galement que la raison principale de la de´gradation de la qualite´
et de la quantite´ d’eau disponible e´tait la riziculture, ne´cessitant des volumes d’eau
tre`s importants et favorisant les processus de  return flow . Bien que ces syste`mes
complexes soient de mieux en mieux compris, il apparait ne´cessaire, en plus de
souligner les causes et les conse´quences de l’exploitation intensive, de proposer des
solutions viables pour une gestion durable de la ressource en eau souterraine. De fait,
passer a` une culture moins gourmande en eau est certainement une des alternatives
les plus re´alistes. La carte pre´sente´e en figure 2.3 illustre la re´partition des principales
cultures en Inde (Devineni et al., 2013). Il apparait clairement que les autres ce´re´ales
sont peu cultive´es en Andhra Pradesh. Pourtant, certaines d’entre elles sont tre`s peu
gourmandes en eau. En particulier, le mil, qui est tre`s cultive´ dans les re´gions semi-
arides comme au Sahel en Afrique (Velluet, 2014), pourrait constituer une alternative
inte´ressante pour l’Andhra Pradesh, bien que la monoculture ne soit e´videmment
pas pre´conise´e. Cette alternative ne´cessite cependant une e´tude socio-e´conomique
approfondie pour estimer l’impact d’un tel changement sur les populations.
5.2 Perspectives ge´ne´rales
La prise en compte de ces structures dans la mode´lisation serait inte´ressante
pour pre´dire l’e´volution de la ressource en eau selon les conditions hydrologiques ou
bien pour mode´liser le transport, notamment re´actif, dans ces syste`mes cristallins
fracture´s et alte´re´s soumis a` une forte pression anthropique. En l’occurrence, nous
avons vu que la tomographie e´lectrique e´tait une approche approprie´e pour estimer
la profondeur de l’interface saprolite – granite et sa variabilite´ en trois dimensions.
Il apparait donc aise´ de prendre en compte les premie`res composantes du syste`me
dans la mode´lisation, soit la saprolite et l’interface avec le granite. Par ailleurs, les
compartiments sous-jacents sont plus difficiles a` prendre en conside´ration bien qu’il
soit toutefois possible de les inte´grer de manie`re de´terministe. Par exemple, une
e´tude re´cente a simule´ l’impact du  return flow  sur la salinisation des aquife`res
(Perrin et al., 2011b). Il serait notamment inte´ressant de poursuivre ce travail en
prenant en compte ces structures, en particulier les compartiments sous-jacents afin
d’e´valuer leur effet en conditions de basses eaux. Dans ces conditions particulie`res, le
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syste`me fonctionne comme un re´servoir ferme´ et donc un impact plus important des
processus de  return flow  est attendu. Il en est, a priori, de meˆme pour l’e´volution
des concentrations en fluor.
Une question a` laquelle il serait inte´ressant de re´pondre est la repre´sentativite´
de ces re´sultats, du moins a` l’e´chelle de l’Inde du Sud. Graˆce aux pre´le`vements chi-
miques re´alise´s sur le bassin versant du village de Sangapur, situe´ au Nord de la
ville d’Hyderabad, Perrin et al. (2011a) ont mis en e´vidence la pre´sence de quatre
compartiments en conditions de basses eaux, ce qui est tout a` fait cohe´rent avec les
observations de Choutuppal. Toutefois, extrapoler ces re´sultats a` l’e´chelle de l’Inde
du Sud reste une question encore ouverte et de´licate. En particulier, la comparti-
mentation n’a pas e´te´ observe´e sur le site de Maheshwaram (Dewandel et al., 2006
; Mare´chal et al., 2004). Par ailleurs, et dans un autre contexte, il est inte´ressant
de constater de fortes similitudes entre le site expe´rimental de Choutuppal et le site
de Mirror Lake aux E´tats-Unis implante´s tous deux dans des syste`mes cristallins
fracture´s. Bien que ces milieux soient diffe´rents de par leur histoire ge´ologique, le
premier e´tant sous un contexte d’alte´ration profonde et le deuxie`me pre´sente un
recouvrement de de´poˆts glaciaires (Hsieh, 1998), tous deux pre´sentent des amas de
fractures transmissives plus ou moins isole´s spatialement ainsi que des proprie´te´s de
transport similaires au niveau du compartiment profond. Notons par ailleurs que
le site de Mirror Lake ne pre´sente pas d’interface connecte´e a` l’e´chelle du bassin
versant, contrairement a` Choutuppal. Il serait par conse´quent inte´ressant de pous-
ser l’analyse pour e´tablir le lien existant entre ces deux syste`mes. Les observations
laissent supposer que ce lien pourrait eˆtre le mode de fracturation. Nous avons vu
en chapitre d’introduction que la fracturation en tension pouvait eˆtre occasionne´e
par de larges contraintes compressives paralle`les a` la surface topographique (Bahat
et al., 1999 ; Dale, 1923 ; Hencher et al., 2011 ; Holzhausen, 1989 ; Mandl, 2005 ;
Martel, 2006 ; Twidale, 1973). De la meˆme manie`re, la topographie jouerait un roˆle
important dans la formation de ces joints (Martel, 2006 ; Miller et Dunne, 1996 ;
Slim, 2013). Une e´tude comparative serait donc envisageable en tenant compte de
ces effets afin de simuler la mise en place de la fracturation dans ces deux syste`mes.
Cela permettrait d’affiner l’e´tude de compartimentation hydraulique en e´tudiant par
exemple l’effet des contraintes sur la taille des compartiments.
Pour finir, de nombreux travaux se tournent actuellement vers l’e´tude des proces-
sus d’alte´ration, entre autre des milieux cristallins (Buss et al., 2008 ; Fletcher et al.,
2006). Une des difficulte´s re´side visiblement dans la prise en compte des fractures
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dans la dynamique des syste`mes et des processus. En effet, ces fractures jouent bien
e´videment un roˆle tre`s important dans les e´coulements souterrains et par conse´quent
favorisent les interactions eau – roche localement. Le site de Choutuppal se preˆte
particulie`rement bien a` la compre´hension de ces syste`mes puisqu’il fournit une vision
relativement de´taille´e de la fracturation en profondeur. En conse´quence, il pourrait
eˆtre envisage´ de simuler a` des e´chelles de temps plus importantes l’e´volution et la
dynamique d’alte´ration de ces syste`mes connaissant les gradients hydrauliques et la
structure des e´coulements.
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Annexe A
Profils ge´ologiques, techniques et
multiparame`tres des forages
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Figure A-1 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH1.
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Figure A-2 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH2.
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Figure A-3 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH3.
218
A
n
n
e
x
e
A
* before cutting PVC
Depth 
(m bgs)
0
10
20
30
40
50
14
4
Sandy Regolith
Saprolite
Granite
(a) (b) (c)
Bottom of the well
Z= -73.2 m
Hardrock
Z= -14.45 m
60
70
Steel
L= 1 m
Z= 0.77 / -0.23 m
Øext = 210 mm
Solid PVC
L= 14.21 m
Z= 0.71* / -13.5 m
Øext = 180 mm
Screened PVC
L= 2.2 m
Z= -13.5 / -15.7 m
Øext = 180 mm
Borehole - part 1
L= 15.7 m
Z= 0 / -15.7 m
Øext = 241 mm
Uncased
L= 57.5 m
Z= -15.7 / -73.2 m
Øext = 165 mm
Figure A-4 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH4.
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Figure A-5 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH5.
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Figure A-6 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH6.
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Figure A-7 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH7.
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Figure A-8 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH8.
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Figure A-9 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH9.
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Figure A-10 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH10.
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Figure A-11 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH11.
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Figure A-12 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH12.
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Figure A-13 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH13.
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Figure A-14 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH14.
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Figure A-15 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH15.
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Figure A-16 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH16.
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Figure A-17 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH17.
232
A
n
n
e
x
e
A
Steel
L= 1.2 m
Z= 0.57 / -0.63 m
Øext = 210 mm
Solid PVC
L= 20.2 m
Z= 0.4 / -19.8 m
Øext = 180 mm
Borehole - part 1
L= 19.8 m
Z= 0 / -19.8 m
Øext = 241 mm
Uncased
L= 30.5 m
Z= -19.8 / -50.3 m
Øext = 165 mm
Bottom of the well
Z= -50.3 m
Hardrock
Z= -21.35 m
Depth 
(m bgs)
0
10
20
30
40
50
21
2
Sandy Regolith
Saprolite
Granite
(a) (b) (c)
Screened PVC
L= 2 m
Z= -17.8 / -19.8 m
Øext = 180 mm
Figure A-18 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH18.
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Figure A-19 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH19.
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Figure A-20 – (a) Profils ge´ologique, (b) technique et (c) multiparame`tres du forage CH20.
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Annexe B
Solution d’interpre´tation d’essai
de pompage de Butler (1988)
Les essais de pompage sont traditionnellement utilise´s pour caracte´riser les pro-
prie´te´s hydrauliques des re´servoirs mais aussi leurs proprie´te´s ge´ome´triques (Grin-
garten, 2008). Cependant, l’analyse des essais de pompage dans les milieux fracture´s
est d’autant plus difficile puisque ces derniers pre´sentent des ge´ome´tries complexes de
re´seaux de fractures induisant des structures d’e´coulements tre`s he´te´roge`nes (Bar-
ker, 1988 ; Le Borgne et al., 2004). L’une des premie`res e´tapes consiste donc en
l’analyse de la de´rive´e du rabattement, plus sensible aux e´volutions de celui-ci, dans
le but d’identifier les types d’e´coulements et d’approcher le mode`le ade´quat a` uti-
liser (Bourdet et al., 1983). Afin de prendre en compte le caracte`re he´te´roge`ne des
re´servoirs, certains mode`les repre´sentent le type des e´coulements comme celui pro-
pose´ par Barker (1988) ou` les e´coulements dimensionnels sont caracte´rise´s par un
exposant n compris entre 1 et 3. Ce dernier pre´sente l’avantage de prendre en compte
la de´pendance d’e´chelle des proprie´te´s hydrauliques (Barker, 1988 ; Le Borgne et al.,
2004). Une autre approche consiste a` de´crire plutoˆt les proprie´te´s ge´ome´triques et
hydrauliques des he´te´roge´ne´ite´s locales avec des mode`les aux ge´ome´tries impose´es
comme ceux propose´s par Butler (1988), Bulter et Liu (1991) ou plus re´cemment
par Dewandel et al. (2014). Suite a` l’analyse des de´rive´es du rabattement et aux
comportements du re´servoir, nous avons opte´ pour l’utilisation du mode`le de Butler
(1988) qui est de´crit ci-dessous.
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B.1 Description du mode`le de Butler (1988)
Ce mode`le propose une solution semi-analytique de l’e´quation de diffusivite´ en
re´gime transitoire pour un milieu confine´ et non-uniforme. Il conside`re un puits
de pompage pe´ne´trant comple`tement l’aquife`re positionne´ au centre d’un disque
de rayon R, repre´sentant le re´servoir interne. Celui-ci est entoure´ d’un deuxie`me
re´servoir aux proprie´te´s hydrauliques diffe´rentes, repre´sentant le re´servoir externe
(Figure B-1). Les parame`tres de calage du mode`le sont les transmissivite´s et les
coefficients d’emmagasinement des deux re´servoirs ainsi que le rayon du re´servoir
circulaire.
R
T1,S1
T2,S2
Figure B-1 – Ge´ome´trie du re´servoir de la solution semi-analytique de Butler (1988).
Les solutions de l’e´quation de diffusivite´ en re´gime transitoire sont exprime´es
dans le domaine de Laplace. Les rabattements dans le disque s¯1 et dans le re´servoir
avoisinant s¯2 sont calcule´s selon les relations suivantes :
s¯1 =
(
Q
2piT1
)
K0 (Nr)
p
+
(
Q
2piT1
)
×
[
K1 (NR)K0 (AR)− T2T1 ANK0 (NR)K1 (AR)
]
I0 (Nr)
p
[
T2
T1
A
N
I0 (NR)K1 (AR) + I1 (NR)K0 (AR)
] (B-1)
s¯2 =
(
Q
2piT1
)
[K0 (NR) I1 (NR) +K1 (NR) I0 (NR)]
p
[
T2
T1
A
N
I0 (NR)K1 (AR) + I1 (NR)K0 (AR)
]K0 (Ar) (B-2)
238
Annexe B
ou` Ii est la fonction de Bessel modifie´e de premie`re espe`ce d’ordre i ;Ki la fonction
de Bessel modifie´e de seconde espe`ce d’ordre i ; N =
√
S1p/T1 ; A =
√
S2p/T2 ; R le
rayon du disque ; r la distance au puits de pompage ; p la variable de Laplace ; Q le
de´bit de pompage ; T1, T2 et S1, S2 sont les transmissivite´s respectives du disque et du
re´servoir avoisinant et leurs coefficients d’emmagasinement. Ces e´quations exprime´es
dans le domaine de Laplace sont ensuite inverse´es dans le domaine temporel par
un algorithme tel que celui propose´ par de Hoog et al. (1982) afin d’approximer
la solution nume´riquement, en utilisant par exemple la fonction Matlab e´crite par
Hollenbeck (1999). Notons que si T1 = T2 et S1 = S2 alors les deux e´quations peuvent
eˆtre re´duites a` :
s¯1 = s¯2 =
(
Q
2piT
) K0(√SpT r)
p
(B-3)
qui correspond a` la solution de Theis (1935) exprime´e dans le domaine de Laplace.
B.2 Quelques exemples d’interpre´tation
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Figure B-2 – Interpre´tation des rabattements et de´rive´es normalise´s obtenus sur le
forage CH7 durant les essais re´alise´s sur CH11 (basses eaux) et sur CH3 (hautes eaux).
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Figure B-3 – Interpre´tation des rabattements et de´rive´es normalise´s obtenus sur le
forage CH8 durant les essais re´alise´s sur CH11 (basses eaux) et sur CH3 (hautes eaux).
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Solution d’interpre´tation d’essai
de trac¸age de Becker et Shapiro
(2003)
Becker et Shapiro (2003) proposent plusieurs mode`les selon les configurations
d’e´coulement choisies. Toutes les solutions conside`rent l’advection he´te´roge`ne comme
e´tant le processus dominant et ne´gligent les processus de diffusion dans la matrice.
Nous pre´senterons ici deux mode`les, a` savoir celui pour la configuration radiale
convergente et celui pour les essais de push-pull. Tous ces mode`les sont base´s sur
la solution propose´e par Becker et Charbeneau (2000) pour un seul chemin. Cette
solution sera en premier lieu de´crite puis les autres solutions utilise´es dans ce travail
seront pre´sente´es.
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C.1 Mode`le en radial convergent – un seul
chemin
La solution propose´e par Becker et Charbeneau (2000) pour une configuration
radiale convergente correspond a` une fonction transfert exprime´e dans le domaine
de Laplace. Cette e´quation peut s’e´crire suivant les parame`tres sans dimension de
concentration C et de temps τ de´finis par Moench et Ogata (1981) :
g¯(ρ, s) = exp
(
ρ− ρw
2
)
Ai [Y(ρ, s)]
Ai [Y(ρw, s)] (C-1)
ou`
Y(ρ, s) =
(
sρ+
1
4
)
s−2/3 ; ρ =
r
α
; τ =
tA
α2
(C-2)
avec Ai est la fonction de Airy ; s la variable de Laplace ; r la distance se´parant les
puits de pompage et d’injection ; α la dispersivite´ et t le temps. Le parame`tre A
tient compte de la ge´ome´trie radiale des e´coulements et peut s’exprimer dans le cas
d’une fracture unique selon la relation suivante :
A =
Q
2piH
(C-3)
avec Q est le de´bit de pompage et H l’ouverture de fracture. L’approximation de
la solution dans le domaine temporel s’effectue en inversant nume´riquement cette
e´quation via un algorithme comme celui propose´ par de Hoog et al. (1982), par
exemple, en utilisant la fonction Matlab propose´e par Hollenbeck (1999). La concen-
tration massique Cf (t) restitue´e au puits de pompage, pour un pulse d’injection
Moδ(t) avec Mo correspondant a` la masse injecte´e, est obtenue selon l’e´quation :
Cf (t) =
Mo
Q
A
α2
g¯(ρ, t) (C-4)
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C.2 Mode`le en radial convergent –
multi-chemins
Le mode`le multi-chemins propose´ par Becker et Shapiro (2003) reprend la fonc-
tion transfert (E´quation C-1) de´crite pour un seul chemin. Ce mode`le semi-analytique
suppose que le traceur emprunte des chemins inde´pendants d’ouverture variable.
L’ouverture de chaque chemin est controˆle´e par la loi cubique (Tsang, 1992). La
masse totale entrante dans un chemin est suppose´e proportionnelle au cube de l’ou-
verture moyenne du chemin et le de´bit de transport de cette masse est proportionnel
au carre´ de l’ouverture du chemin (Becker et Shapiro, 2003). La fonction transfert
pour les multiples chemins g¯m(ρ, s) correspond a` la somme des fonctions transfert
de chaque chemin individuel g¯(ρ, s). Cette solution pre´dit une courbe de restitution
finale avec une pente de -2 au temps longs (Figure C-1). Par commodite´, la solution
est donne´e en fonction du rapport entre l’ouverture moyenne de chaque chemin et
l’ouverture moyenne maximum de tous les chemins (R = H/Hmax) :
g¯m(ρ, s) =
∫ 1
Rmin
R3
R2
g¯
(
ρ,
s
R2
)
dR (C-5)
avec Rmin est le rapport entre l’ouverture e´quivalente minimum et maximum des
chemins (Rmin = Hmin/Hmax). Le parame`tre R varie sur deux ordres de grandeur
entre 0.01 et 1. Afin de comparer l’ensemble des re´sultats, le temps est normalise´
par rapport a` t¯, le temps de restitution moyen du traceur. La normalisation du
temps, soit t/t¯, correspond au nombre de volumes de pore pompe´s. La concentration
restitue´e est, quant a` elle, normalise´e par rapport a` C0, la concentration initiale, telle
que C/C0 = (Cf (t)t¯Q)/Mo. Le temps de restitution moyen du traceur t¯ est e´gale au
premier moment de la courbe de restitution ou encore Vf/Q, ou` Vf est le volume
effectif de la formation. Ce dernier correspond au deuxie`me parame`tre de calage
de la solution, le premier e´tant la dispersivite´ α. Vf permet e´galement d’estimer
l’ouverture e´quivalente de fracture Hvol equiv tel que Hvol equiv = Vf/(pir
2).
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Figure C-1 – Exemple d’une courbe de restitution obtenue a` partir du mode`le semi-
analytique de Becker et Shapiro (2003) pour la configuration radiale convergente. Les
courbes obtenues pour chaque chemin inde´pendant sont e´galement repre´sente´es. Une pente
de -1.5 passant a` travers les pics de chaque courbe individuelle est pre´dite puisque la masse
totale de chaque chemin est proportionnelle au cube de l’ouverture et le de´calage temporel
est proportionnel au carre´ de l’ouverture.
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C.3 Mode`le en push–pull – multi-chemins
Le traitement mathe´matique pour les tests de push-pull est quant a` lui diffe´rent.
Le traceur est injecte´ et pompe´ au meˆme de´bit dans le meˆme puits, par conse´quent,
il diverge et converge en suivant approximativement les meˆmes lignes d’e´coulement.
La dispersion hydrodynamique va tendre a` disperser le traceur durant la phase d’in-
jection mais e´galement durant la phase de pompage. Si aucune phase d’attente n’est
introduite entre ces deux phases, ce comportement peut eˆtre conside´re´ comme un
transport radial divergent suivi imme´diatement par un transport radial convergent.
La solution pour la phase d’injection a e´te´ obtenue en de´rivant la solution pro-
pose´e par Moench et Ogata (1981) pour une injection continue. Cette dernie`re est
conside´re´e comme e´quivalente a` une fonction de densite´ de probabilite´ cummule´e. Il
en re´sulte une fonction de densite´ de probabilite´ s’e´crivant comme suit :
p¯(ρ, s) =
1
s
exp
(
ρ− ρw
2
)
Ai [Y(ρ, s)] + 2s1/3Ai′ [Y(ρ, s)]
2Ai [Y(ρw, s)] (C-6)
Chaque point de la fonction de densite´ de probabilite´ p¯(ρ, s) est conside´re´ comme
une source Dirac. L’arrive´e au puits d’injection correspond a` la somme des fonctions
transferts (E´quation C-1) calcule´es pour toutes particules re´sultantes de la fonction
de densite´ de probabilite´ (E´quation C-6). La solution pour un seul chemin est donne´e
par la relation suivante :
g¯pp(s) =
∫ ρmax
ρmin
p¯ (ρ, s) |τpush g¯ (ρ, s) dρ (C-7)
ou` p¯ (ρ, s) |τpush est la fonction correspondant a` la phase d’injection e´value´e pour un
temps maximum, τpush, g¯ (ρ, s) est la fonction transfert e´value´e pour une distance
radiale du puits d’injection, ρ, dont ρmin et ρmax repre´sentent la gamme des distances
au puits ou` le traceur est suppose´ avoir e´te´ pousse´. Cette solution est ensuite calcule´e
pour chaque chemin individuel en faisant varier l’ouverture e´quivalente de fracture
comme pour le mode`le entre puits de´crit pre´ce´demment. La courbe de restitution
finale re´sulte par conse´quent de la somme de chaque chemin inde´pendant donne´e
par la relation suivante :
g¯pp(ρ, s
′) =
∫ 1
Rmin
R3
R2
g¯pp
(
ρ,
s
R2
)
dR (C-8)
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Cette solution (E´quation C-8) conside`re que seule la dispersion controˆle la forme
de la courbe de restitution et que ce processus est proportionnel a` la vitesse moyenne
line´aire. La conse´quence est qu’il ne soit pas possible de de´coupler l’estimation de
la dispersivite´ α et de l’ouverture moyenne de fracture H. Ainsi, le parame`tre per-
mettant d’e´valuer la distance investigue´e par le traceur est τpush qui est donne´ par
la relation suivante :
τpush =
tpush
α2
Q
2piH
(C-9)
avec tpush la dure´e de la phase d’injection et Q les de´bits d’injection/pompage. Une
bonne pre´diction est obtenue avec 10 chemins inde´pendants. La forme de la courbe de
restitution pour chaque chemins est directement de´pendante de l’ouverture moyenne
du chemin (Figure C-2). Pour les ouvertures faibles, donc des vitesses importantes,
les courbes de restitution sont tre`s e´tale´es alors qu’elles sont plus condense´es pour
des ouvertures larges. Les faibles ouvertures affectent la courbe de restitution finale
uniquement sur les temps tre`s courts et tre`s longs (Figure C-2).
Figure C-2 – Exemple d’une courbe de restitution obtenue a` partir du mode`le semi-
analytique de Becker et Shapiro (2003) pour la configuration push-pull avec les diffe´rents
chemins inde´pendants associe´s. Les courbes obtenues pour chaque chemin individuel cor-
respondent a` la masse totale restitue´e.
246
Annexe C
La forme de la courbe de restitution finale est fonction du parame`tre τpush. Ainsi,
pour des faibles valeurs de τpush, la courbe finale est plus e´tale´e alors qu’elle est plus
resserre´e pour des valeurs e´leve´es (Figure C-3). Ce comportement est occasionne´
par la relation entre la dispersion hydrodynamique et la vitesse. Lorsque le traceur
est injecte´ a` des distances faibles du puits d’injection, il investigue alors des vitesses
plus grandes. En revanche, lorsque celui-ci est injecte´ sur des distances importantes,
il investigue plus des vitesses plus faibles.
Figure C-3 – Exemple de courbes de restitution obtenues a` partir du mode`le semi-
analytique de Becker et Shapiro (2003) pour la configuration push-pull et pour diffe´rents
τpush.
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